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Finite Element Modelling of the Expansion of Small Tubular Parts
by Internal Pressure
David Chua Sing Ngie B.Eng. (Hons.) 
Abstract
A stent is a device that is used to support arterial walls to alleviate the blockage of 
arteries by plaque. The slotted tube stent is one of the most common stent designs 
being widely used in many patients today. The amount of stent implantations is 
growing each year and for this it is becoming increasingly important in interventional 
cardiology. One of the reasons is that the use of stents has proved more effective in 
the therapy of coronary stenosis. However, it is evidenced that the success of the 
stent implantation is limited by re-stenosis, which is discussed almost entirely in 
terms of medical and biological reasons.
This work is concerned with investigating the deformation mechanism with variable 
conditions during slotted tube expansion processes using numerical simulation. The 
simulations were run and analysed using commercial finite element software. A non­
linear explicit solution method was used in each case. The processes chosen for 
simulation were: slotted tube expansion without balloon catheter, slotted tube 
expansion with balloon catheter, scaling the stent size, stent production defect and 
slotted tube expansion with the presence of artery and plaque. A number of process 
parameters were varied for balloon catheter (i.e. balloon length, thickness and 
friction factor) and the subsequent effects on the process were identified. Some trial 
experimental tests were carried out to verify the finite element results from the 
computer simulations.
From the results obtained it was concluded that higher rate of pressure increase 
results in higher stresses in stent for similar levels of expansion. Deployment of 
higher magnitude pressure might increase the expansion in radial direction but it 
does not necessarily increase the uniformity of the slotted tube. Appropriate balloon 
length has to be chosen to obtain a uniform expansion. Friction could reduce the 
foreshortening of the stent. When scaling down the stent, displacement deceases 
proportionally for similar deployment pressure and stent geometry. It was found 
from the simulations that the tubular stent is not very sensitive to imperfections. 
Altering sent strut configuration and number has practical effects on the clinical use 
of vascular stents, as the magnitude of expansion will change. The deformation 
characteristic of the slotted tube during deployment is affected by the presence of 
artery and plaque.
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Chapter 1 
I n t r o d u c t i o n
1.1 Introduction
In western industrial countries coronary heart disease is the most common reason for 
death. In European countries like Germany, about 200 000 people have a heart attack 
every year and more than 800 000 patients world-wide undergo a nonsurgical 
coronary artery interventional procedure yearly. According to the American Heart 
Association, nearly 14 m illion Americans have coronary artery disease, which is 
responsible for h a lf o f  all heart-related deaths [1],
1.2 Coronary Artery Disease
Coronary artery disease is specific to the arteries o f the heart. Arteries that supply 
blood and oxygen to the heart m uscles are called coronary arteries. Coronary artery 
disease also known as atherosclerosis occurs when excess cholesterol attaches itself 
to the walls o f  blood vessels. Em bedded cholesterol also attracts cellular waste 
products, calcium and fibrin (a clotting material). This leads to a thickening o f the 
vessel wall by complex interaction with constitutes o f  the artery. The resulting pasty 
build-up, known as plaque, can narrow  or even block an artery. Due to the fact that 
these deposits narrow (stenosis) and harden the vessel (atherosclerosis), an increased
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rate o f thrombosis (clot) is possible and decrease o f blood flow is inevitable. When 
the coronary arteries become narrowed or clogged and cannot supply enough blood 
to the heart, the result is coronary heart disease. The lacking o f  oxygen-carrying 
blood supply to the heart causes the heart to respond with pain called angina. The 
pain is usually felt in the chest or sometimes in the left arm and shoulder. If the blood 
supply is cut off completely, the part o f  the heart that does not receive oxygen begins 
to die and some o f the heart muscle m ay be permanently damaged. This is called a 
heart attack (Figure 1.1).
Coronary arteries
Cholesterol Blood clot
plaque
Healthy muscle Dying muscle
Figure 1.1: Heart attack
It has become a common practice that after taking careful medical history and doing 
a physical examination, some tests are carried out to see how advanced the coronary 
heart disease is. Coronary angiography (or arteriography) is a test used to explore the 
coronary arteries. A fine tube (catheter) is put into an artery o f an arm or leg and 
passed through the tube into the arteries o f  the heart. The heart and blood vessels are 
then filmed while the heart pumps. The picture that is seen called an angiogram or 
arteriogram. An angiogram will show problems such as a blockage caused by 
atherosclerosis. A lthough coronary angiography has long been the standard for 
coronary stenosis assessment, it remains a limited means o f  assessing the acute stent
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result. Intravascular Ultrasound (IVUS) provides additional information that may 
assist stent implantation [2],
Coronary heart disease is treated in a number o f  ways, which depending on the 
seriousness o f the disease. The goal o f  a therapy for patients with coronary heart 
disease is a restoration o f  the working order o f  the heart muscle to minimise the risk 
o f  a heart attack and death. For non-serious patients, coronary heart disease is 
managed with lifestyle changes (e.g. stop smoking, reducing weight, sports, 
reduction o f stress) and medications (e.g. to improve the blood circulation by 
increasing the vessel diameter or prevention o f  blood clot). Others with severe 
coronary heart disease m ay need an operation.
1.3 Arteria l Bypass Surgery
Several techniques have been developed to treat coronary artery disease during the 
last decades. From 1967 to 1977 the only method o f treatm ent has been the arterial 
bypass surgery [3],
C o r o n a r
arteries
A i
Bypass graft
Cholesterol
build-up
Figure 1.2: Coronary artery bypass [3]
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In this procedure, the sternum (breastbone) is actually opened to allow direct access 
to the heart and all o f  the major arteries surrounding it. After the lesion is located, the 
heart is iced down to stop activity w ithin the heart itself. A  graft o f  a vessel from 
another part o f  the body (usually taken from the leg or chest) is connected to the 
artery in front o f  and behind the blocked area (Figure 1.2). This procedure is 
generally successful, however it is the m ost invasive method and is used only as an 
alternative to balloon angioplasty or stent deployment [4]. Coronary artery bypass 
graft surgery is advised for selected groups o f  patients with significant narrowings 
and blockages o f the heart arteries (coronary artery disease). It is performed to 
relieve angina (chest pain) in patients who have failed medical therapy and are not 
good candidates for balloon angioplasty.
1.4 Percutaneous Transluminal Coronary Angioplasty (PTCA)
Despite the surgical procedure for correction o f arterial stenosis, there are non- 
surgical alternatives that open blocked arteries with less risk and less initial cost than 
surgery. Coronary angioplasty w ith a balloon, stent or other devices is probably the 
most common alternative. Percutaneous transluminal coronary angioplasty (PTCA) 
or better known as "Balloon Angioplasty" o f  the coronary artery is a relatively new 
procedure introduced in the late 1970's [5]. Since the introduction o f  the balloon 
angioplasty in 1977, the era o f  the minimal invasive cardiology methods began and 
won increased significance over recent years. Percutaneous means "through the 
skin", transluminal means "inside the blood vessel", coronary means "relating to the 
heart" and angioplasty means "blood vessel repair". During PTCA, a local 
anaesthetic is injected into the skin over the artery in the groin or less frequently 
arms. The artery is punctured w ith a needle and a plastic sheath is placed into the 
artery to protect it during the procedure. Under x-ray guidance (fluoroscopy), a long, 
narrow, hollow tube (guiding catheter) is advanced through the sheath to the origin 
o f  the coronary artery from the aorta. A dye (contrast medium) containing iodine is 
injected through the guiding catheter so that x-ray images o f  the coronary arteries can 
be seen on a special TV screen. Afterwards, a second thinner catheter (guide wire) 
which is tipped with a m iniature and deflated balloon is inserted into the first one. 
The balloon catheter over the guide wire is then pushed forward through the guiding
4
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catheter to the area with the plaque. Once in the proper position, the balloon is 
inflated to enlarge the narrowing in the artery and the w idening o f  the artery 
improved the flow o f blood through the narrowed area (Figure 1.3).
ding catheter
Guiding catheter 
at vessel narrowing
Catheter with 
uninflated balloon
Catheter with 
inflated balloon
Guiding catheter
Aorta
Coronary arteries
Figure 1.3: Balloon angioplasty [5]
1.5 Stent Implantation
Stent im plantation is another non-surgical m ethod to treat the coronary artery 
disease. A  stent m ay be used as an alternative or in com bination with angioplasty. 
Stenting is a catheter-based procedure in which a stent is inserted into a diseased 
artery to hold it open [6]. Stenting is often used in conjunction w ith a balloon 
angioplasty to treat coronary artery disease. In about one-third to one-half o f  the 
successful angioplasty procedures performed, a blockage recurs later at the same site 
[7]. This kind o f recurrence is called a restenosis (re-narrowing o f  artery). In order to 
minim ise the chances for restenosis, im plantation o f a coronary stent after balloon 
angioplasty is always recom mended [8]. A  coronary stent is a small, metallic, slotted 
tubular device that mounted on a balloon catheter. It is introduced into the artery just
5
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after balloon angioplasty and is positioned at the site o f  the obstruction. W hen the 
balloon is inflated, the stent expands and is pressed against the inner walls o f  the 
artery. After the balloon is deflated and removed, the stent remains in place, keeping 
the artery open (Figure 1.4). The stent remains in the artery permanently, holds it 
open, improves blood flow to the heart muscle and relieves symptoms o f  coronary 
artery disease such as chest pain.
S t e n t  i n  P l a c e
A T H E R O S C L E R O S IS  IN  V E IN  S T E N T  IN  P LA C E
Figure 1.4: Stent in place
1.6 Atherectomy
Other sorts o f  techniques by means o f catheter are atherectom y [9] and laser 
angioplasty [10], Coronary atherectomy was introduced in 1993. It is often used in 
addition to, or instead of, the more traditional balloon angioplasty when plaque is 
exceptionally hard (due to calcification) or presents other challenges [11]-[12]. There 
are several types o f atherectom y as shown in Figure 1.5. The procedures for 
implementing the atherectom y are very much the same as balloon angioplasty except 
that a special atherectom y catheter is threaded through the guiding catheter and over 
the guide wire to the site o f  obstruction. Once the catheter is in place, the plaque is 
cut away using either a sharp blade or abrasive material (like sandpaper) located at
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the tip o f the catheter. The shavings are collected in the catheter and removed when it 
is withdrawn from the body. By rem oving some o f  this plaque, blood flow is 
improved and the risk o f  having a heart attack is reduced.
R o t a t i o n a l  A t h e r e c t o m yT r a n s l u m i n a l  E x t r a c t i o n  
C a t h e t e r
A catheter is inserted, and a 
balloon Is inflated to push the 
biaded tip toward the plaque. 
The tip cuts away the plaque 
and sucks the p ieces  Into a 
orilalner-The plaque is 
ioved w hen the catheter Is 
ithdrawn
D i r e c t i o n a l  A t h e r e c t o m y
Also called a "rotablator," this 
catheter u s e s  a rotating 
diam ond-studded tip to 
pulverize hard, calcified plaque 
.Into tiny particles that can move 
rough the circulatory system  
'ifely. The tip rotates at alm ost 
00 ,000 revolutions per minute.
This catheter is a cross  
betw een the first two devices. 
Rotating b lad es cut away 
plaque, and the p ieces  are 
isucked into a tube through a 
vacuum and expelled from the 
body.
Figure 1.5: Transluminal extraction catheter, rotational, and directional atherectomy [9]
1.7 Laser Angioplasty
Laser assisted angioplasties are available but rarely used to remove plaque in the 
coronary arteries [13]. This procedure is norm ally reserved for treating areas that 
cannot be opened with balloon technology as it exists today. A laser-tipped catheter 
produces a high intensity light beam  (ultraviolet light) that vaporises the obstructing 
plaque without damaging the surrounding tissues. This then allows the passage o f  a 
balloon system to further open the obstruction. Balloon angioplasty or stent 
procedure may be followed im mediately afterward to ensure that the artery remains
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open. However, atherectom y (31% restenosis) and laser angioplasty (50% restenosis) 
show a significant smaller rate o f  success than the PTCA or stent implantation (19% 
restenosis) [14].
■  France
■  USA
■  Korea
■  Aust=NZ
■  Uk
□  Italy
■  Germany
■  Japan
□  Columbia
■  Canada
■  Argentina
■  Singapore
□  Mexico
□  Malaysia
■  Benelux
■  Brazil
Figure 1.6: Procedural stent rates in selected countries for 1997
There were about 900 000 coronary operations throughout the world in 1995 [15]. 
Since 1994 the amount o f  stent implantation has constantly growing each year. In 
1997, in countries with interventional cardiology programs, procedural stent rates 
ranged from 30% to 65% and tended to be highest in southern Europe (Figure 
1.6)[16]. It is expected that the rate o f  stent im plantation will be further increasing 
over the coming years. One o f the reasons for this is that the use o f stents has proved 
more effective in the treatment o f  coronary stenosis than balloon angioplasty [17]-
[18]. Nevertheless, difficulties and questions remain, and the outcome is never 100 % 
successful.
Despite the fact that thrombosis has been the major problem in the first years o f 
stenting due to the changes in blood stream, rapid developments in interventional 
cardiology have perm itted this to be treated by medication [19]-[21]. However, there 
is evidence that the success o f the stent im plantation is limited by restenosis [22]. To 
date, although the application o f  a stent reduces the restenosis occurrence to 
approximately 20-30%  [23], it has not yet been eliminated altogether. The detailed
i M '
i g q l
J m
0 10 20 30 40 50 60 70
% Cases Stented in Selected Countries in 1997
Chapter 1: Introduction
event o f  restenosis and the main reasons remain dubious up to date and are discussed 
almost solely in the medical and biological area [24]-[25], while the mechanical 
aspects have received little attention. Some practitioners have reported problems 
such as migrations [26]-[27], collapses [28]-[31] or difficulties in the positioning due 
to the engineering o f  products. But, still a lot o f  questions remain to be answered. 
Perhaps, this is due to the current lack o f  research on the mechanical properties 
during and after the dilatation o f the stent, despite the increasing number o f 
publications underlying the necessity [32]-[34],
The understanding o f the mechanism m ay be best investigated by finite element 
modelling and simulations whereby the expansion behaviour o f  stents, elastic recoil, 
stress, strain etc. can be fully investigated. Accurate and reliable structural analysis 
provides essential inform ation in an environment where in vivo experimentation is 
extremely expensive or impossible. Realistic experimentation on stent expansion is 
difficult to carry out and manage due to the nature o f the structure and material o f the 
slotted tube, experimental set up, cost, accuracy etc. Finite element analysis provides 
a solution in which accurate and reliable results can be obtained. However, a realistic 
modelling o f  the deployment mechanism is very tricky to manage as well. It is not 
only the accuracy o f  the results that has to be considered but also the computation 
time. The premise is that, i f  the underlying situation can be simulated with variable 
conditions that m ay not be done by experimental tests, this could therefore, provide 
detailed analyses that w ould lead to a good understanding o f  failure or success o f  the 
design and be extremely useful. Appreciating that the stress, strain and magnitude o f 
stent expansion etc. are functions o f altering such variables, the risk o f stent 
implantation and failure o f  the stent may be reduced accordingly. Apart from that, 
perhaps mechanical aspects that had received little attention m ay play an important 
role or m ay have major effects on stent deployment.
The objective o f  this work is to investigate the slotted tube stent expansion process 
theoretically (FEM) and experimentally, which can be outlined as follows:
• Investigate the expansion behaviour o f  stent under internal pressure only.
• Investigate the effect o f  manufacturing defects on stent.
•  Investigate the effect o f  change o f  material fraction (gap density)
Chapter I: Introduction
• Factor o f  scaling down the size o f  stent on deformation characteristic.
• Investigate the expansion behaviour o f  combined balloon, stent, plaque and 
artery.
• Investigate the expansion behaviour o f  the slotted tube experimentally using a 
purpose-built machine.
10
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L i t e r a t u r e  S u r v e y
2.1 History of Stent
Percutaneous stenting o f  vascular stenoses was first conceived in 1969 by Charles 
Dotter [35]. He published a new technique to percutaneously place tubular coilspring 
endovascular prosthesis into peripheral vessels and attempted to keep the vessels 
open by scaffolding the inner surface. The experiments performed on animals at that 
time were unsatisfactory bccause o f  the resulting stenoses and dislocations took 
place. Due to the technical limitations at that time, however, further research was not 
revived until the early 1980s when Charles D otter [36] and Cragg [37] reported on 
new experiments w ith the implantation o f  spiral coils using the memory-alloy 
technique. At the same time, Maass et al. [38]-[40] started to experiment and 
published data in 1983 and 1984 w ith a self-expanding spring coil implanted in 
peripheral arteries o f  animals at the surgical clinic o f  the University o f  Zurich. The 
history o f  endovascular stents is begun with the M aass double helix spiral prosthesis. 
This stent is first used in hum an clinical trials in the early 1980s and it was the first 
expandable prosthesis developed from an earlier simple coil design [38]-[39]. In 
animal experiments the double helix spiral stents were completely endothelialised 
(the healing o f  the inner surfaces o f  vessels or grafts by endothelial cells) within 6 
weeks and intimal reaction was largely insignificant. However, an important finding
11
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was that side branches o f  the arteries that were crossed by  the stents remained patent 
[39], The double helix spirals, however, are no longer manufactured [41].
2.2 Basic In itia l Designs of Stent
The following are three basic initial designs o f  stent:
2.2.1 Self-expanding mesh
Stainless steel self-expanding mesh stents were am ongst the first stents [42] to 
undergo clinical evaluation and they are made from overlapping wire. Self- 
expanding stents expand by their inherent expanding force to a certain predetermined 
diameter. This stent class grew out o f the need to address special coronary conditions 
such as large vessels, aneurysmal dilatation and saphenous vein graft. These stents
are also well suited for long lesions as they can accommodate different diameters
within the same vessel due to their self-expanding mechanism. The lesion to be 
stented is usually predilated and to accelerate complete stent expansion the stented 
segment m ay be dilated w ith an angioplasty catheter. Foreshortening (W allstent) on 
deployment is the m ajor drawback o f  self-expanding stent. Precise positioning is less 
predictable. The other drawbacks o f  this stent are lim ited sidebranch access and it is 
suboptimal for small vessels. Examples o f  self-expanding mesh stents are Gianturco 
Expandable W ire Stent (Cook), Magic W allstent (Schneider), Radius Stent (Scimed),
2.2.2 Coil stent
The main feature o f  coil stent is that it is fabricated out o f  continuous single strand o f 
wire formed into a repeating pattern. The original design o f  coil stent is to provide 
flexibility and allow access to tortuous vessels. Coil stents are highly flexible that 
have improved its trackability (manoeuvring the stent w ithin coronary arteries). 
However, coil stents do not expand uniformly in areas o f  increased resistance. 
Therefore, attaining a sm ooth arterial lum en by predilating with balloon angioplasty 
[5] or debulking w ith atherectom y [9] devices is important prior to placing a coil 
stent. Coil stents have also been particularly attractive choices for stenting long and
12
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soft lesions associated w ith significant dissection after balloon angioplasty. In the 
case o f  complex bifurcation lesions, coil stent designs are often favoured because o f 
their flexibility and greater potential for side-branch access and dilatation. Despite 
the several theoretical advantages o f  coil stents, it has drawbacks such as problems o f 
tissue prolapse, weak radial strength (recoil) and an increase in subacute thrombosis. 
Examples o f  coil stents are Crossflex Stent (Cordis), GR II (Cook), W iktor Stent 
(Medtronic), etc.
2.2.3 Slotted tube stent
The original slotted tube stent is fabricated from stainless steel slotted tubes. These 
first generation stents set the standard for performance and procedural success. The 
Johnson & Johnson Palmaz-Schatz stent is the prototype for slotted tubular stent 
designs. The slotted tubular design stents generally provide greater surface coverage 
o f  the stented lesion and less likely to recoil. Nevertheless, their rigidity and 
suboptimal trackability especially in tortuous vessels represent the major 
shortcomings o f  this class.
By virtue o f the weaknesses on design o f  the first generation slotted tube stents, the 
improved second generation o f  tubular stents with design innovations have come in 
w ith intention to correct the relatively poor flexibility and trackability o f the first 
generation. As a result, they also feature better side branch access and a greater 
variety o f diameters and lengths. Examples o f second generation tubular stents are 
Crown Stent (Cordis), BX Stent (Cordis), M ultilink Stent (Guidant), BeStent 
(Medtronic) [43], etc.
Development o f  new stents is evolving rapidly. In  spite o f  the three basic designs o f 
stent mentioned above, Charles et al. [44] categorised the stent design into five 
distinct classes based on their structure. These five classes o f stent design are a) 
original slotted tube design, b) second generation tubular design, c) self-expanding 
design, d) coil design, and e) modular zigzag design. M odular zigzag design is 
similar to a train since it is composed o f individual modules welded together, much 
like the coupled cars o f  a train. In January 1998, Charles [44] and his colleagues 
visited 10 prestigious interventional centres in six Europeans countries. They
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compared 23 o f the m ost com monly used stents and provided a conceptual 
framework for classifying the stent design, recognising the advantages and 
disadvantages o f each, and defined the particular stent for specific coronary 
condition or lesion. Table 2.1 summarised the advantages and disadvantages o f each 
class o f stent made by Charles and his colleagues.
Class Advantages Disadvantages
Original Slotted-Tube Stent 
(Stainless steel 304/316 L)
• Maximum radial support
• Very little plaque prolapse
• Very little recoil
• Quite rigid
• Not flexible
• Poor visibility
• Shortening
• Suboptimal conformability
• Suboptimal trackability
• Limited sidebranch access
• Difficult to retrieve
Second-Generation Tubular 
Stent
(Stainless steel 304/316 L)
• Good to excellent radial 
support
• Moderate trackability
• Good to excellent 
conformability
• No significant recoil
• Good sidebranch access
• Variable visibility 
(Multilink)
• Variable flexibility 
depending on strut design
• Difficult to retrieve
Self-Expanding Stent
(Nitinol, platinum and cobalt 
alloy)
• Moderate to good visibility
• Good support
• Quite flexible
• Good trackability
• Tapering with vessel
• Little plaque prolapse
• Significant shortening 
(Wallstent)
• Limited sidebranch access
• Suboptimal for small
vessels
Coil Stent
(Stainless steel, tantalum and 
platinum)
• Good to excellent flexibility
• Good trackability
• Moderate to high visibility
• Good sidebranch access
• Good to excellent 
conformability
• Variable recoil
• Plaque prolapse
• Variable crossability
• Possibility of subacute 
thrombosis (Wikto/GR II)
• Suboptimal radial support
• Difficult to retrieve 
monofilament
Modular Zigzag Stent 
(Stainless steel 304/316 L)
• Excellent trackability
• Good flexibility
• Good conformability
• Access to sidebranch
• Moderate radial strength
• No significant shortening
• Good visibility
• Micro I and II variable 
rigidity
• Plaque prolapse possible in 
between modules
• Difficult to retrieve
Table 2.1: Advantages and disadvantages o f  each class o f stents [44]
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2.3 Stent Techniques
There are three main groups o f  stent techniques:
2.3.1 Shape memory alloy
Dotter et al. [36] and Cragg et al. [37] were the first to apply the stent design 
contained the feature o f  shape m em ory properties o f  nitinol in animal experiments. 
Nitinol is a nickel titanium alloy with unique termal recovery properties. The alloy is 
first constrained to a desired shape and annealed at 500 C. This unique properties 
will memorise that shape. W hen nitinol wire is cooled down to 0 C, it becomes soft 
and can be deformed without destroying its memory. I f  the straightened wire is then 
warmed to its transition temperature (30-60 C depending on the alloy), it rapidly 
resumes its original annealed stage. By using the advantage o f shape memory 
properties, Dotter [36] reshaped the nitinol wire coil stent into a temporary 
configuration that made it more suitable for transluminal placement. W hen heated to 
a transition temperature o f  54-60 C, the stent loses its malleability and forcibly 
reverts to its initially im parted configuration.
2.3.2 Balloon expandable
This stent technique is applied when a balloon is used as a medium to expand the 
stent. The stent is m ounted on the balloon catheter and are expanded passively by 
balloon inflation to the desired diameter. It is expanded in a controlled manner. The 
expansive force o f  the balloon dilates the stenosis and the stent simultaneously. Ziad 
et al. [45] reported their experience with balloon-expandable stent implantation for 
coarctation o f  the aorta in six patients. A  mounted 30 m m  long 3.4 mm nominal 
diameter stent (Palm az P308, Johnson and Johnson Interventional System, 
Somerville, NJ) was utilised and manually crim ped onto a 12, 16, or 18 mm balloon 
catheter. The medical device was advanced over the guide wire to the stenotic area. 
Once in position, the balloon was inflated up to the recommended inflation pressures 
o f  the balloon catheter. Ariel Roguin et al. [46] also used the same mode o f action. 
The stent used in their studies was beStent. Three different lengths o f  stent mounted 
on three different lengths o f  balloon were studied i.e. a 15-mm stent is mounted on a
15
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20-mm balloon, a 25-mm stent on a 30-mm balloon and a 35-mm stent is mounted 
on a 40-mm balloon.
2.3.3 Self-expanding
This technique uses inherent expanding force o f  the stents to expand itself. They are 
elongated and constrained on a delivery catheter by a rolling membrane sheath [42], 
Retraction o f  the sheath results in stent self-expansion. The stent will reach its 
equilibrium state when released. The stent is said to have reached its equilibrium 
state when the elastic recoil o f  the vessel wall and residual elastic load o f  the stent is 
equalled. If the elastic recoil o f  the vessel wall overcomes the outward force o f  the 
stent and causes stent under-expansion, thrombosis may result. Conversely, i f  the 
stent is too strong for a given vessel, it m ay overdilate. Over-expansion o f this type 
o f  stent has been related to thrombosis and excessive intimai proliferation [47]-[48].
2.4 Overview of the first clinical stent applications
Stent Design Deployment
First clinical 
implantation
Arteries Reference
Maass double 
helix spiral Spring coil Self-expanding 1982-1986
Vena iliaca, 
Vena cava, 
Aortic 
dissection
[38][39]
Gianturco stent Wire bent in zigzag pattern Self-expanding
1986 Vena cava [49]
Wallstent Wire mesh Self-expanding 1986
Peripheral
arteries,
Coronary
arteries
[42] [45]
Palmaz stent Slotted tube Balloonexpandable 1988 Iliac arteries [51]-[57]
Palmaz-Schatz Slotted tube Balloonexpandable 1988
Coronary
arteries [58]-[60]
Strecker stent
Wire knitted in 
loosely 
connected 
loops
Balloon
expandable 1988 Iliac arteries [41]
Gianturco-
Roubin
Incomplete 
coil, clam shell 
loop
Balloon
expandable 1989
Coronary
arteries [61]
Wiktor Sinusoidal helical coil
Balloon
expandable 1991
Coronary
arteries [62]
Multilink
Multiple rings 
with multiple 
links
Balloon
expandable 1993
Coronary
arteries [63]
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Cordis Sinusoidal helical coil
Balloon
expandable
1994 Coronaryarteries [64]
AVE Micro
Zigzag axial 
struts, 4 mm 
units
Balloon
expandable 1994
Coronary
arteries [64]
Table 2.2: Overview o f the first clinical stent applications
In 1997, a group representative o f the medical and scientific community expressed a 
consensus opinion about a number o f  regulatory issues with the aim o f promoting 
new developments and research in the application o f  stents. It was also their 
intentions to protect patients from hazards that could result from the premature or 
uncontrolled dissemination o f  unsafe devices. They proposed formalising an 
evaluation scheme o f coronary stents. This evaluation scheme consists o f  four phases
i.e. in vitro testing, animal studies, clinical evaluation and clinical application [65]. 
The legal context o f  these guidelines became compulsory application o f the ‘Medical 
Devices D irectives’ o f  Endovascular Graft Committee from June 1998. 
Intracoronary stents fall into category III, that is the group o f  devices considered to 
be at the highest level in terms o f  risk o f  use [66]-[67].
2.5 Mechanical Considerations
A ccording to Julio C. Palmaz [68], the mechanical characteristics o f  a stent are a 
compromise among five critical requirements.
a) A stent m ust have high expandability or a high ratio between collapsed and 
expanded diameter to allow for the smallest possible diameter o f the 
delivery system.
b) The wall thickness should be as small as possible to offer the lowest profile 
after deployment.
c) The postim plant metal surface should be as small as possible because it 
determines the degree o f  thrombus formation.
d) Due to the fact that the degree o f  residual elasticity or hoop stress o f  an 
artery following balloon dilatation cannot be anticipated, the circumferential
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strength o f  a stent m ust be calculated with a wide margin o f  excess to 
prevent collapse after deployment,
e) Radiopacity is essential for precise m anipulation and positioning under 
fluoroscopy (examination o f  body structure using fluoroscope).
G. David Jang and Paulo A. Ribeiro [69] outlined the ideal characteristics o f  a 
coronary stent. They defined that a coronary stent has three metamorphoses in its life 
cycle and an ideal stent should have incorporated the ideal features in each o f the 
three phases o f  a stent life cycle. The first phase is the 'Neutral Phase' as it is 
engineered and manufactured. The second phase is the 'Delivery Phase' as it is 
crimped on a balloon catheter. The third phase is the 'Final Deployed Phase' as it is 
permanently im planted in the coronary vessel. A  stent that is well designed and ideal 
in its deployed state m ay not be an ideal stent if  it is very difficult or unreliable to 
deliver in the coronary tree site. I f  the features o f  an ideal stent were not present in 
the neutral stent design, the deployed stent would not have the ideal characteristics. 
Similarly, a deployed stent w ith ideal characteristics does not necessarily have ideal 
delivery features. A  stent that is ideal in its deployed state m ay not be a user-friendly 
stent, i f  it is very difficult to deliver to the vessel site. A  neutral stent should have all 
the ideal delivery and deployed elements built into the design in order to become a 
truly ideal stent.
2.6 Stent Features
2.6.1 Flexibility
Flexibility is one o f  the m ost desirable features in a coronary stent [30], Flexibility is 
certainly needed w hen it comes to delivery o f catheters through tortuous vessels to 
the target area. Some investigators working with intravascular stents have stressed 
the need for stent flexibility to ease deployment and to allow vessel movement when 
placed in segments subjected to bending [70], It is most appreciated by a stent user 
during delivery phase o f  a stent life. Flexible stents are generally easier and faster to 
use. Even though flexibility is very desirable during delivery, it m ay not be desirable 
after deployment [71]-[72]. J. C. Palmaz [68] believes that stents should be rigid
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after placement to provide a stable, nonshifting surface for endothelial growth and 
stability. Flexibility after deployment is not desirable, as they m ay not have the same 
fatigue tolerance compared to the stent that is flexible during delivery but transforms 
into a more rigid frame after deployment. As a result, designing a stent that is 
flexible during delivery but transforms into a relatively rigid form after deployment 
is more difficult and challenging that designing a stent that is flexible both in the 
delivery and deployed states. Stent can be designed to be flexible during delivery 
phase but be transformed into a relatively rigid state after deployment by balloon 
expansion.
2.6.2 Radial (Hoop) Strength
Radial strength is one o f  the fundamental characteristics in a stent. It defines the 
ability o f  a stent to withstand the elastic recoil or collapsing force o f  a vessel wall 
[73], Radial strength is needed for scaffolding the vessel in the deployment phase o f 
a stent life cycle. A stent would fail to scaffold the internal lumen o f  the target vessel 
without a sufficient radial strength. A  stent o f  any design variety should have a 
sufficient radial strength to prevent the elastic recoil and keep the vessel wall wide 
open.
2.6.3 Foreshortening
Foreshortening is an inherently com mon problem in stents. Foreshortening happens 
when a stent is expanded and transform ed during deployment. It is regarded as the 
contraction o f  a stent from its original length after the expansion. In a general, 
foreshortening is not desirable as accurate placing and optimum longitudinal vessel 
coverage suffers proportionally with the degree o f  foreshortening with a stent. The 
more a stent foreshortens the more undesirable a stent. In the current state o f  the art, 
no foreshortening would be ideal. G. D. Jang and P. A. Ribeiro [69] have quoted that 
foreshortening o f  less than 5% when it is expanded to 4.0 mm  in internal diameter 
with a regular vessel coronary stent m ay be acceptable. I f  foreshortening were less 
than 5% with a 4.0 mm  internal expansion, accurate placing and deployment o f  a 
stent would not be compromised. The larger an expansion the greater the 
foreshortening due to the physics o f  expanding a crimped low profile to an expanded 
large profile in a stent with a fixed length.
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2.6.4 Expansion Rate
Expansion rate is defined as a potential diameter increase o f  a stent from the crimped 
state o f  delivery phase to the optimal or m axim um  expanded deployed state. A stent 
should have a good expansion rate to allow for the smallest possible diameter during 
the delivery phase and greatest possible diameter after the deployment phase. 
Nevertheless, expansion rate is somehow somewhat effected the foreshortening o f  a 
stent. There is one common down side o f  high expansion rate. High expansion rate 
might cause an excessive foreshortening o f  stent. Thus, during the designing o f stent 
these two factors have to be reconciled to ensure that the stent has highest expansion 
rate possible and at the same time has the smallest foreshortening as possible.
2.6.5 Vessel Coverage
Vessel coverage is one o f the most im portant features o f  stent. This factor is 
extremely crucial when the stent perm anently im planted in a coronary vessel. Vessel 
coverage defines on how well the stent struts are inter-woven to prevent tissue 
prolapse w hen it is expanded inside the vessel lumen. Vessel coverage is associated 
with the geometric size o f  the cells. D ifferent stents have different vessel coverage. 
Hugh vessel coverage does not promise the feasibility o f a stent as too m any struts 
have been incorporated. Inevitably, the stent becomes too rigid and loses its 
flexibility. On the other hand, low vessel coverage does not form an ideal stent too. 
This is because o f  the stent cells are too large and the vessel wall is not covered well. 
The tissue o f  the vessel wall would prolapse through the space between the stent 
struts or the stent cells.
2.6.6 Metal Fraction
Metal fraction is the ratio o f stent metal surface area that is constant prior to and after 
expansion to the total internal vessel surface area that varies according to the 
expanded stent diameter. Theoretically, the higher the metal fraction the higher 
would be the rate o f  acute thrombosis or late restenosis due to the deterioration o f 
radial strength and vessel coverage. However, there is no good clinical data that 
correlates the metal fraction to the rate o f  stent thrombosis or restenosis. For an ideal 
stent, the metal fraction o f  an expanded stent m ay have to be less than 15% at a 3.0
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millimetre internal expansion with a regular size vessel stent. In a small diameter 
vessel, the ideal metal fraction may have to be below 10% with an internal expansion 
o f  2.5 millimetres [69],
2.6.7 Radiopacity
Radiopacity is an im portant stent feature that contributes to optimal clinical result 
and fewer complications. Radiopacity is essential to properly place the stent inside 
the coronary lesion [27]. The precision required in correctly placing the stent in the 
coronary lesion for deployment can be very demanding. A  poorly visible stent is 
harder to use optim ally when precision is demanded.
2.6.8 Fatigue Tolerance
Fatigue tolerance defines how well the structural integrity o f a stent is preserved after 
the stent is perm anently implanted in a constantly beating heart. A  stent that is 
transformed into rigidity after deployment would give a better fatigue tolerance than 
a stent that remains flexible after deployment, w hen other structural factors being 
equal [69].
2.7 Material Composition and Surface Characteristic
A device or im plant can fail simply because the material components do not have the 
requisite physical or chemical properties for a particular application. Physical 
characteristics o f the surface, such as roughness, electrical charge, free surface 
energy and wettabbility are important determinants o f  thrombogenicity and tissue 
incorporation [74]. A number o f  intravascular stents that have been in clinical use for 
years provide useful knowledge on basic biocom patibility o f  certain alloys and 
metals. Table 2.3 indicates the com position o f  some o f the m ost popular 
intravascular stents [64],[75].
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Stent Composition
Z stent 304 stainless steel
Palmaz-Schatz stent 316 L stainless steel
M edinvent stent M ediloy (unknown composition)
Strecker stent Tantalum
Nitinol stent N itinol (Nikel Titanium Alloy)
Gianturco coils 304 stainless steel
W allstent Cobalt-based alloy
AVE Micro 316 L stainless steel
W iktor Tantalum
Table 2.3 : Metallic com position o f  intravascular stent
The finishing process during manufacturing influences the biocompatibility o f stent 
because the process m ay determine the chem ical composition o f  the surface [76], 
Electropolishing removes most o f  the elements from the metal surface and leaves a 
high concentration o f  chromium. After exposure to air and sterilisation, a layer o f 
chromium oxide w ith few nanom eters thick forms, stabilising the surface by 
preventing further oxidation. I. E. Scheerder et al. [77] used an electrochemical 
polishing system to improve surface characteristics o f  stainless steel stents. They 
found that electrochemical polishing o f  coronary stents results in both decreased 
trombogenicity and neointimal hyperplasia after stent implantation in different 
animal models. If the surface finish is provided by abrasive polishing, the surface 
contains all the elements o f  the bulk material and consists o f a mosaic o f  randomly 
oriented crystals or grains. Surface defects and trace elements at grain boundaries 
may cause protein alteration and influence cellular reaction [78].
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2.8 An Experimental Approach
2.8.1 Stent Geometry
A considerable amount o f  experiments have been carried out in vivo to detect the 
influence o f  stent design towards the clinical outcomes in patients undergoing 
coronary stent placement. A. Kastrati et al. [79] have randomly assigned patients to 
receive five different types o f stainless steel stents. They concluded that stent design 
has a significant impact (restenosis varied betw een 25.3% and 35.9%) on the long­
term results after coronary stent placement. A  num ber o f  experimental data support 
the concept that stent designs have a crucial impact on thrombosis and hyperplasia 
[80]-[81 ]. J. C. Squire et al. [82] w ere sought to determine whether intimal 
hyperplasia (abnormal increase in num ber o f  cells) provoked by  stents stem from 
injury imposed by  stent expansion characteristics. They concluded that stent 
expansion is nonuniform, which produces vascular injury that varies with stent 
geometry and this mechanism o f injury is a determinant o f  stent restenosis.
2.8.2 Pressure Deployment
High-pressure stent dilatation has virtually reduced the risk o f subacute stent 
throm bosis [83]-[84] but it can increase wall damage due to enhancement o f  the 
expanded geom etry o f  coronary stent. High-pressure stent dilatation has been 
associated with a higher risk o f  late restenosis. To test this hypothesis, T. Akiyam et 
al. [85] have categorized 1181 lesions into two groups to distinguish between "low- 
pressure" and "high-pressure". They concluded that the restenosis rate after stenting 
is not affected by  high-pressure stent expansion. High-pressure dilatation is 
considered a better stent placement strategy, but this has not yet been proved by 
appropriately designed studies. J. Dirschinger et al. [86] therefore, assessed the role 
o f  high-pressure dilatation in the early and late outcome o f patients undergoing 
coronary stent placement. They concluded that the systematic use o f  high balloon 
pressure inflation (15 to 20 atm) during coronary stent placement is not associated
with any significant influence on the 1-year outcome. Goldbery et al. [87] however
tested whether the use o f  aggressive stent dilatation lead to more late lumen loss and 
restenosis. Their results suggested that aggressive stent expansion did not increase
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late lumen loss but was associated with a lower rate of restenosis. Savage et al. [88] 
reported on the longer term effects of high pressure inflations on vascular healing 
and neointimal proliferation. It was found that stented lesions treated with high- 
pressure inflations demonstrated significantly smaller minimal luminal diameter than 
lesions treated with lower pressure inflations. They concluded that high distending 
pressure has a deleterious effect on late lumen loss presumably due to increased 
neointimal proliferation within the stent.
2.9 A Finite Element Analysis Approach
Implantation o f coronary stent in a human artery to treat coronary artery decease is a 
complicated process. Apart from the current state o f art play on stent technology, a 
highly skilled and experienced cardiologist is needed to perform the task. The 
behaviour o f the stent expansion during the stent deployment in an artery is 
complicated and difficult to perform. There is no established procedure to ensure full 
stent deployment. Despite the numerous o f software tools available, published works 
on behaviour o f stent expansion by computer simulation are extremely rare and the 
current knowledge is mostly empirical.
A number o f simulation works concerned with analysis o f stent expansion have been 
reported. Borgersen and Sakaguchi [89] simulated the inflation o f a vascular stent 
using three dimensional non-linear finite element contact analysis. The catheter 
balloon, stent and arterial wall were modelled as separate structural components. The 
polymer material was assumed to represent the catheter balloon. The stainless steel 
stent alloy is also represented as a non-linear material with a linear elastic modulus. 
Material characteristics o f the arterial wall were assumed to be linear elastic and full 
contact algorithm approach was used to simulate contact between component 
surfaces. Teo et al. [90] reported on design optimisation o f coronary stent using finite 
element method. They modelled the stent using computer aided design software 
(Pro-Engineer) and imported the IGES data to ANSYS 5.5 to generate the finite 
element model. The displacement and stress distributions over the stent were then 
computed.
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Dumoulin and Cochelin [91] simulated a balloon-expandable stents (P308 Palmaz 
stent) to evaluate its mechanical properties by using the program package ABAQUS. 
The structure expansion o f the stent and its long-term behaviour were analysed. 
Stress and strain fields in its wall were investigated during the dilatation o f the stent. 
It was found that the major equivalent plastic strains were localised in the comers 
while the major stresses were located in the middle o f the cells junctions. The 
sensitivity o f the critical pressure to geometric imperfections was also studied and 
the fatigue life was tested. The results shown P308 Palmaz stent was insensitive to 
geometric imperfections and the stent could withstand an indefinite number of 
cardiac cycles.
Tseng et al. [92] reported the effects o f stent geometry, balloon compliance and 
deployment pressure on balloon-artery interactions during stent placement by using 
FEA approach. It was found that the contact area o f balloon and artery increased 
linearly with increasing inter-strut distance and with increasing balloon compliance. 
Rogers et al. [93] used finite element analysis to model how balloon-artery contact 
stress and area depended on stent-strut geometry, balloon compliance and inflation 
pressure. It was found that higher inflation pressures, wider stent-strut openings, and 
more compliant balloon materials had caused markedly larger surface-contact areas 
and contact stresses between stent struts.
Brauer et al. [94] carried out the experiments and numerical simulations to examine 
the dilatation properties o f metallic stents. The dilatation behaviour o f stents out of 
different materials was also investigated. Only the ends o f the stent were modelled 
and an elastic-plastic model was chosen for the material o f the stent. The material of 
the balloon was modelled in such a way that this material had a very low (0.001-0.1 
GPa) Young's modulus in the circumferential direction and a normal value (3 GPa) 
in the radial direction. The friction between the two bodies was neglected due to the 
fact that simulation o f the dilatation would need too much time for calculation. It was 
found that the behaviour o f the balloon/stent systems at dilatation was related to both 
the properties o f the stent and balloon. They concluded that the burst open pressure 
and recoil o f the stent were depended on the stent design and material.
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Whitcher [95] simulated a nitinol vascular stent (Symphony stent) to estimate its in 
vivo structural behaviour and fatigue properties. Al-Hassani et al. [96] illustrated a 
potential technique to study stent behaviour by using ABAQUS and Etave et al. [97] 
performed a series o f finite element analyses to determine the exact mechanical 
characteristics o f tubular stents and coil stents.
2.10 Summary of Literature Survey
From the literature cited and reviewed the following points can be noted:
• Many experimental studies have been carried out on different designs of 
stents. These studies have examined the effect o f stent design and deployment 
pressure on the clinical outcomes in patients undergoing stent implantation.
• A considerable amount o f analytical studies are available concerning 
expansion characteristic o f stents but most do not take important parameters 
such as balloon length, balloon thickness and friction into account.
• No work on three-dimensional finite element simulations was found on stent 
production defects, which is important especially when the stent is implanted 
permanently inside blood vessel.
• The cost o f experimental investigation with real size stent has long been an
issue o f concern. The finite element simulations on scaled up stent and then
application to a normal stent size by scaling down have not been conducted 
before.
• It appears that no simulation studies with the presence of balloon, stent,
plaque and artery have been performed to investigate the expansion
characteristic o f the stent after deployment.
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Chapter 3 
B r i e f  I n t r o d u c t i o n  o n  F E A
3.1 Introduction
This chapter presents a basic theoretical outline o f the numerical methods used to 
solve the problems as described in later chapters. It is not intended as a text on the 
finite element method but rather as a description o f how the method was utilised 
here. The method presented was mostly extracted from the references [98]-[l02]. 
Therefore, the reader unfamiliar with the method is referred to the reference section.
3.2 The Finite Element Method
The finite element method is a numerical analysis technique for obtaining 
approximate solution to a wide variety o f problems. There are few basic steps in 
finite element method. These basic steps are involved in any finite element analysis 
and it consists o f the following:
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1. Discretization
The problem domain is divided into a number o f subdomains called finite element. 
Each element contains a number o f nodal points that given in coordinates relative to 
global coordinate system of the problem. The shape o f each element is defined in 
terms o f nodal coordinates by interpolation or shape functions.
2. Determination o f  Elem ent Behaviour
An interpolation function is assumed for the variation o f the unknown (i.e. 
displacement, temperature etc. depending on the analysis) that characterize the 
response of the system across each element. For each element, coefficient matrices 
which describe the response characteristics o f the element are determined. In the case 
o f stress analysis this matrix corresponds to the element stiffness matrix.
3. Transformation o f  E lem ent Behaviour to Global Axis
The element stiffness matrices naturally lie parallel to the element local coordinate 
system. In order to solve the entire problem these matrices have to be transformed to 
align with the global coordinate system.
4. Elem ent Assemblage
Assemble the elements to present the entire problem. The transformed stiffness 
matrix for each element is now combined in order to determine the stiffness matrix 
(global stiffness matrix) for the entire problem domain. This forms a matrix equation 
defining the behaviour o f the entire solution domain.
5. Apply Boundary Conditions
Boundary conditions must be applied before a solution is possible. Some of the nodal 
unknowns must be restrained and will not be arbitrary in value.
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6. Solution for Nodal Unknowns
The nodal unknowns are determined by solving a set of linear and non-linear 
algebraic equations. In most problems the number o f equations to be solved is very 
large thus special solution techniques are employed. After solution the values (e.g. 
displacement values, temperature values etc.) o f the dependent variable at each node 
are known.
7. Calculation of Response
Using the nodal values and interpolation functions, the response o f each element is 
calculated. Parameters such as strain, stress etc. across each element may be 
determined.
3.2.1 General Theory
There are a number o f methods available for determining the governing equations of 
equilibrium for the finite element method. One such method is to use the principle of 
virtual displacements to express the equilibrium of the body. This method is a basic 
relationship used for the finite element formulation. The principle o f virtual 
displacements states that when a body in its state o f equilibrium, the total internal 
virtual work in the body is equal to the total external virtual work acting upon that 
body due to external forces. The internal virtual work is equal to the actual stresses 
going through the virtual strains. The external work is given by the actual stresses 
going through the virtual displacements. The equilibrium of a general three 
dimensional body with body forces f B, surface tractions f s , and concentrated 
forces / ' ,  resulting in virtual displacements U  , actual stress o and virtual strain e , 
the principle can be stated as:
j  {f}r {< j}rfv= | { t/}r { / > v + j  m T' i f } d s + j j { u f r  ( i)
V V S '
where,
{£}T = k ,  £yy K  7Xy 7yz f j
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{O'} [pVx ^  yy ® zz ®  xy ® yz ®  zx \
{ U f  = [t/ V W ] and U , V and W are displacements in global directions 
{ f BY  = \jx fy  fz  J where superscript B indicates body 
{ f s }T = [// fy  //J where superscript S indicates surface 
{ / ' }7 = [/J f ly f'z J where superscript i indicates points
In finite element analysis the problem domain is approximated by an assembly of 
finite elements which interconnected at nodal points on the element boundaries. The 
displacements measured in a local coordinate system x, y, z  in each element are 
assumed to be a function o f the displacements at the nodal points within that element. 
Thus, for element m
u M ( x , y , z )  = H H ( x , y , z p  (2)
where, is the displacement interpolation matrix or shape function for element m. 
U  is a vector of the three global displacement components V, and at all nodal 
points. If  there are N  nodal points in the element then U  will be of dimension 3 N. It 
is expressed generally as:
U T = [U,VXW, U2V2W2 .... UNVNWN] (3)
From the assumption on displacements in equation (2), the corresponding element 
strains can be evaluated as:
e M { x , y , z ) = B ^ { x , y , z ) j  (4)
where B{'n) is the strain-displacement matrix for element m. The rows of B'”''1 are 
obtained by appropriately differentiating and combining rows o f matrix .
The stresses within a finite element are related to the element strains and the element 
initial stresses by
30
Chapter 3: Theoretical Background
(5)
where E w  is the elasticity matrix (stress-strain material matrix) o f  element m  and 
cr1^  is the element initial stresses. The material law specified in E (m) for each 
element can be that for an isotropic or anisotropic material and can vary from 
element to element.
Using the assumption on the displacements w ithin each finite element (equation 2), 
equilibrium equation that correspond to the nodal point displacements o f  the 
assemblage o f  finite elements can be constructed from equations (1):
XJ'yl„ , e ™ o M J V M  = X l H u r M / SMd V M  +  X j s(. , « r' <’ l/ sWrfS('> +  5 y ' / '
m m m i
(6)
Substituting equation (2), (4) and (5) into (6), the equilibrium equation can be written
U ‘ ^  J B W rE M B {m)d V (m)
V(m)
U = U ‘
»1 K(»)
^  J  H TS{m)f s(-m)dS
m S(«n)
^  J B {'")ra ,{m)d V {"
I» V (m )
K
+ f
(7)
where H s^  is the surface displacement interpolation matrices that is obtained from 
the volum e displacement interpolation matrix l & ' ] in equation (2) by  substituting 
the elem ent surface coordinates. Letter /  denotes the vector o f  concentrated loads 
applied to the nodes o f  the elem ent assemblage. It is noted that in equation (7), the
nodal point displacement vector U  is outside the summation sign, as it is 
independent o f  the element m.
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In order to obtain the equations for the unknown nodal point displacements from 
equation (7), the virtual displacement theorem is utilised by imposing unit virtual
A  rj
displacements in turn at all displacement components. As a result U  = I  (where /  is 
the identity matrix) and it is not shown in equation (8) due to the virtual 
displacements on each side o f  the equation. By denoting the nodal point
displacements U  by U, the equilibrium equation o f  the element assemblage
corresponding to the nodal point displacements is:
K U  = R  (8)
where K is the global stiffness m atrix o f  the elem ent assemblage and is given by:
K  = £  J  B MrE {m)B W d V M  (9)
V(m)
R is the load vector where,
R = RS + RS - R , + R C (10)
where, Rb is the effect o f  element body force,
Rb = Z  J  H (m)Tf B{m)d V {m) (11)
<”  V{m)
Rs  is the effect o f  the element surface forces,
Rs=^ J  H s(m)Tf s{m)d S M  (12)
” > V(m)
Ri  is the effect o f  the element initial stresses,
j  B [m)To I{m)d V {m) (13)
m V{m)
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and the nodal concentrated loads, R c -  f .
Equation (8) is a statement o f the static equilibrium o f the element assemblage. In 
equilibrium considerations, the applied forces m ay vary with time, in which case the 
displacements also vary with time. In such a case, equation (8) is a statement o f 
equilibrium for a specific point in time. Nevertheless, if  in actuality the loads are 
applied rapidly, inertia forces need to be considered and a truly dynamic problem 
needs to be solved. This m ay be done by  using d' Alembert's principle which the 
element inertia forces are simply included as part o f  the body forces. In such a case 
equation (11) becomes:
R b = Y ,  j  H {m)T[ f B{m) -  p [m)I I {m)u \  d V (m) (14)
"i V  (m)
where no longer includes inertia forces, U  gives nodal point accelerations and
p im') is the mass density o f  element m.  In this case, the equilibrium equations are:
M U  + K U  = R  (15)
where R and U are time-dependent. The m atrix M is the global mass m atrix and is 
given by:
M  = X  J  p (m)H (m)TH [m)d V (m) (16)
™ V (m)
In a dynamic analysis some energy is dissipated during vibration. This in vibration 
analysis is usually taken account o f  by  introducing velocity dependant damping 
forces. Therefore, damping forces as additional contributions are introduced to the 
body forces R B,
H {m)T\ f B(m)- p {m)H [m)U - k [m)H {m)l]\  d V (m) (17)
"I V(m)
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where U  is a vector o f  the nodal point velocities and k {m) is the damping property 
param eter o f  elem ent m. In this case, the equilibrium equations become:
M U + C U + K U = R (18)
where C is the global damping matrix and can be written as:
(19)
»' V(m)
3.2.2 Non-linearities
In the above formulation it is assumed that the displacements o f the finite element 
assemblage are small and that the material is linearly elastic. It is also assumed that 
the nature o f  the boundary conditions remains unchanged during the application of 
the loads on the finite element assemblage. These assumptions have entered the 
equilibrium equation in the following manners:
(a) the fact that the displacem ent m ust be small has entered into the 
evaluation o f  the matrix K and load vector R, because all integrations 
have been perform ed over the original volume o f the finite elements.
(b) the strain-displacement matrix B, o f each element was assumed to be 
constant and independent o f  element displacements.
(c) the assumption o f  a linear elastic material is implied in the use o f  a 
constant stress-strain m atrix E.
(d) the unchanged boundary conditions is implied by keeping constant 
constraint relations for the complete response.
The above observations point to different types o f  non-linearity that m ay arise in 
finite element analysis. They are categorized as:
(i) N on-linearity due to large displacements, large rotations, but small
strains.
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(ii) Non-linearity due to large displacements, large rotations and large 
strains.
(iii) Material non-linearity.
(iv) Non-linearity due to contact.
3.2.3 Solution M ethodology
There are m any solution methods available for use with the finite element method. 
However, as the analysis in this work is prim arily concerned w ith non-linear 
analysis, this section will concentrate on solution methodology for non-linear 
problems. The basic problem in a general non-linear analysis is to determine the state 
o f equilibrium o f the body corresponding to the applied loads. Assuming that the 
external loads are described as a function o f  time, the equilibrium conditions o f  the 
finite element assemblage can be written as:
‘R  ~ ‘F  = 0 (20)
where ‘R  gives the externally applied nodal point forces at time t  and the vector 'F  
gives the nodal point forces that correspond to the element stresses. From equation 
(10) 'R and ‘F  m ay respectively be expressed as,
‘F =  (R b + 'Rs + 'Rc (21)
and by identifying the current stresses as initial stresses, R, = ‘F
‘f  = Y ,  j  ‘B[m)T ‘dv[m) (22)
"> 'V(m)
In reference to equation (22), it m ay be noted that in a large deformation analysis the 
stress and volum e o f the body at time t  are unknown. Since this is a dynamic 
analysis, the inertial and damping forces w ould be included in vector ' R .
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Considering the solution o f  the non-linear response, equation (20) m ust express the 
equilibrium o f the system in the current defined geometry by taking account o f  all 
non-linearities and m ust be satisfied throughout the complete history o f  load 
application. The solution process is carried out using a step-by-step incremental 
analysis. The basic approach in an incremental step-by-step solution is to assume that 
the solution for the discrete time t is known and that the solution for the discrete time 
t + At  is required, where At  is a suitable chosen time increment. Therefore, at time 
t + At  equation (20) can be written as:
,+AiR -  ,+AiF  =  0 (23)
Since the solution at time t is known, it can be written that:
l+AiF  = ‘F  + F  (24)
where, F  is the increm ent in nodal point forces corresponding to the increment o f 
element displacements and stresses from time t to time t + A t . This vector can be 
approxim ated using a tangent stiffness matrix, ‘K ,  which corresponds to the 
geometric and material condition at time t,
F =  'K U  (25)
where U  is the vector o f  incremental nodal point displacements. By substituting 
equation (24) and (25) into (23), it becomes:
'£ £ / =  ‘F  (26)
and by  solving for U, an approximation to the displacements at time t + At  can be 
calculated:
,+A'C /s  ‘U  + U  (27)
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Having evaluated an approximation to the displacements corresponding to time 
t + A t , an approximation for stresses and corresponding nodal point forces at time 
t + At  can be obtained and could then be proceeded to the next time increment 
calculations. Nevertheless, because o f  the approximation expressed in equation (25), 
such solution m ay be subject to significant errors and, depending on the time or load 
step sizes used, m ay be unstable. In practice, it is therefore frequently necessary to 
iterate until the solution o f  equation (23) is satisfied to sufficient accuracy.
There are different solution procedures available for the solution o f  equation (26). In 
this work, the explicit time integration m ethod was used and will be briefly outlined. 
The m ost common explicit time integration operator used in non-linear dynamic 
analysis is probably the central difference operator. The equilibrium o f  the finite 
element system is considered at time t in order to calculate the displacements at time 
t + A t . Solution is sought for each discrete time step for the equilibrium equation 
neglecting the effect o f  dam ping which m ay be expressed as,
where the nodal point force vector ‘F  is evaluated on the basis o f  the methods used 
to formulate the material and geometric non-linearities. This involves the choice o f 
element type, kinematics and kinetic descriptions in which o f  all are problem 
dependent. The solution for the nodal point displacements at time t + At  is obtained 
using the central difference approxim ation for the accelerations. In this 
approximation it is assumed that,
M ‘U = ‘R —‘F (28)
(29)
By substituting equation (28) into (29), it gives:
_M [/+A([/j= tR _ t p ----M h-*u _ 2 ’u]
A t 2 1 J A t 2 L J
(30)
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Therefore, if  ‘~&tU  and 'U are known then t+AlU  can be determined from equation
(30). The drawback in the use o f  this m ethod is that for stability, the time step size 
At  must be smaller than a critical time step size, AtCR , which is equal to Ttj K  where
Tn is the smallest period in the finite elem ent assemblage.
3.3 LS-DYNA3D Theoretical Methods
3.3.1 Solution M ethodology
LS-DYNA3D is a general purpose, explicit three-dimensional finite element program 
used to analyse large deformation dynamic response and highly non-linear transient 
dynamic problems. The complex contact problems during the expansion o f  stent by 
using a balloon as a m edium  can be very complicated and high com puter solution 
time consumption. The explicit method o f  solution used by LS-DYNA3D provides 
fast solutions for short-time, large deformation dynamics, quasi-static problems, non- 
linearities, and complex contact problems. This section briefly presents the relevant 
theoretical methods for LS-DYNA3D analysis.
The equilibrium equation o f  a dynamic problem and the solution process using the 
central difference method was given above in equation (28), (29) and (30). As 
mentioned above, the time step size At  plays a decisive role in reaching stability and 
therefore m ust be smaller than the critical time step AtCR. LS-DYNA3D calculates 
the critical step size from,
where /  is the characteristic length o f  the smallest element and C  is the sonic wave 
propagation velocity through the element material. For stability reasons a scale factor 
o f  0.9 is used to decrease the time step in equation (31). The formula used by LS- 
DYNA3D to estimate the time step is therefore,
38
Chapter 3: Theoretical Background
At 0.9 — 
C
(32)
It is noted that /  and C  are calculated in a different manner depending on the element 
type concerned. For eight node solid elements I  is the smallest distance between two 
neighbouring nodes o f  the smallest elem ent in the model. The sound wave 
propagation speed, C  is determined by  using the formula as bellow:
where E  is the Young's modulus o f  the material, v is the Poisson's ratio and p  is the
specific mass density.
3.3.2 E lem ent F o rm u la tion
There are numbers o f  explicit dynamic elements available from LS-DYNA3D 
element library. In this work an eight-node solid hexahedron element was used for 
the analyses. Volume integration o f  the elements is carried out using Gaussian 
quadrature principle. Both reduced (one point) and full integration options are 
available. Reduced integration means that the num ber o f points for numerical 
integration in the element formation process is less than that necessary for exact 
integration. A  reduced integration brick element w ill have one integration point at its 
centre whereas fully integrated brick will have eight integration points.
Since the num ber o f  integration points is directly proportional to CPU time, one- 
point integration elements save a lot o f  com putation time and extremely robust in the 
case o f  large deformations. In spite o f  being robust for large deformations and saving 
extensive amounts o f  com puter time, one-point integration solid elements leads to 
modes o f  deformation which have zero strain energy, called zero energy. These 
modes are com monly referred to as hourglassing modes. Undesirable hourglass 
modes tend to have periods that are typically m uch shorter than the periods o f  the 
structural response. They are often observed to be oscillatory. Hourglassing modes 
result in stable mathematical states that are physically unrealistic because the single
C (33)
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integration point does not capture any strain energy in the element (Figure 3.1). They 
typically have no stiffness and give a zigzag deformation appearance to the finite 
element mesh. The zero energy or hourglass deformation mode in a two dimensional 
element is shown in Figure 3.1.
—r v 
/ ! \
/  i \
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/ -----------v — — \/ i \// 1 i 2 \\L. i \
Figure 3.1: Hourglass deformation mode
The origin and consequent im plication o f  the hourglass deformation mode is 
described in elementary form, w ith reference to the above figure, by Halliquist and 
Benson [100]. As illustrated in Figure 3.1, hourglass m ode is generated w hen node 1 
and 3 are given a velocity o f  +1 in the x direction and nodes 2 and 4 are given a 
velocity o f  -1 in either x or y direction. The element deforms but the velocity 
gradient o f  the elem ent is zero. The element does not develop stresses to oppose the 
velocities due to zero in the velocity gradient. As a result, the element m ay continue 
to deform in  this mode without resistance.
One w ay o f  resisting hourglassing modes is to use a viscous damping or a small 
elastic stiffness capable o f  stopping the formation o f  the hourglass modes but having 
a negligible effect on the stable global nodes. The hourglassing resisting force for a 
particular node in a particular co-ordinate direction is subject to the nodal velocity in 
that direction. The resisting force in solid elements is defined as,
ak (34)
where,
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(35)
8
K  = I  r t (36)
in which:
a  = number o f  hourglass mode 
r *  = hourglass shape vectors
x f  = velocity o f  node k  in i direction
v e = element volum e
c = speed o f  sound in material
Qhg = a constant usually set between 0.05 to 0.15 [100]
Fully integrated elements do not experience hourglassing modes. However, these 
options are more costly (in CPU time) than other element formulations. Fully 
integrated elements used in the solution o f  plasticity problem s and other problems 
where Poisson's ratio approaches 0.5 lock up in the constant column bending modes. 
A n average pressure is used over the elements to preclude locking and consequently 
the zero energy modes are resisted by  deviatoric stresses. In other word, spurious 
pressure stresses develop in the element, which cause the element to have an over- 
stiffness for deformations that will not cause any volume change. In certain situations 
it has been noted [100] that the cost o f  using fully integrated elements can be 
justified by increased reliability and if  used sparingly m ay actually increase the 
overall speed.
3.3.3 M aterial Model
LS-DYNA3D has an extensive library o f  material models that can be used to 
represent a wide range o f  material behaviour. In this work, two material models were 
used. The first one is the bilinear isotropic hardening plasticity model with no strain 
rate dependence for all simulations o f  the stent. The yield stress is defined as:
41
Chapter 3: Theoretical Background
(37)
where,
o 0 is the initial yield stress
(E E )
E p is the plastic hardening modulus and is given by E p -  - A ——
~  ^tan )
e f  is the effective plastic strain 
E tm is the tangent modulus 
E  is Young's modulus
The second one is a material model o f  incompressible M ooney-Rivlin Rubber. The 
M ooney-Rivlin option is suitable for incompressible materials such as rubber-like 
materials. Incompressible materials can undergo large deformations and strains 
w ithout an appreciable change in volume. The stresses for the M ooney-Rivlin 
Rubber material models are derived from strain energy density functions. For LS- 
DYNA3D the strain energy density function (IV) is defined in terms o f  input 
constants C10, C01 and v as:
^  = C10( /1- 3 ) + C 01(/2 - 3 ) + C  — 1 + JD (/3- l ) 2 (38)
v /
where:
(39)
„  C,0( 5 v - 2 ) + C „ ( l l v - 5 )
2(1 - 2 v )
(40)
v = Poisson's ratio
G = 2 (C10 + C01) = shear modulus o f linear elasticity
I , .L ,L  = strain invariants1 ’ 2 ’ 3
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It is noted that the recommended values for Poisson's ratio are between 0.490 and 
0 .4 9 5  or higher [1 0 0 ]. Lower values m ay lead to instabilities.
3 .3 .4  C o n ta c t  A lg o r ith m
Contact is represented differently in an explicit dynamic analysis than in other types 
o f  im plicit analyses. In other analyses, the contact is represented by actual contact 
element. For explicit dynamics, the contact is defined using contact surfaces. Contact 
occurs when one segment o f  a model outer surface penetrates another segment. LS- 
DYNA3D incorporates eighteen different contact types to adequately characterise the 
complex interaction between surfaces. To properly select a contact surface for a 
given model it is im portant to understand the different contact algorithms available. 
The are three different contact algorithms available in the LS-DYNA3D program: 
Single surface contact, Nodes to surface contact and Surface to Surface contact. In 
this work the surface to surface contact algorithm was used for all simulations and 
will be briefly described.
The surface to surfacc contact algorithm  establishes contact when the surface o f  one 
body penetrates the surface o f  another. Surface to surface contact is fully symmetric 
so that the choice o f  contact and target surfaces are arbitrary. In order to define 
surface to surface contact, nodal components or part numbers are required for the 
contact and target surfaces. The surface to surface contact algorithm is generally used 
for bodies that have large contact areas and the contact surfaces are know.
In LS-DYNA3D, contact searching is performed in two steps: global and local 
searching. In a global search the bucket sort method contact search algorithm is used 
by  an automatic surface to surface contact option. This m ethod is used to determine 
which target surface is being contacted by  which contact surface. The bucket sort 
algorithm divides the target surface region into cubes (buckets). Contacting nodes 
can contact any segment o f  the target surface in the same bucket or adjacent buckets. 
After the global search has located possible contact, the penetration is checked by the 
local search. A node to segment algorithm is used to find the penetration.
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The surface to surface contact algorithm is based on the penalty method. The penalty 
method is used for the calculation o f  the contact forces. This method consists o f 
placing normal interface springs between all penetrating nodes and the contact 
surface as illustrated in Figure 3.2.
In applying the penalty method, each slave node is checked for penetration through 
the m aster surface. A n interface force is applied between the slave node and its 
contact point during the penetration. The interface force acts like a restoring force to 
restore the node to the contact surface in  the normal direction. The magnitude o f this 
force is proportional to the am ount o f  penetration and is given by:
F  = k8  (38)
where,
F  = contact interface force 
k  = contact interface stiffness 
ô = penetration depth
The LS-DYNA3D program  calculates the contact stiffness based on the material 
properties and size o f  the contacting segments. The contact stiffness that is used 
depends on the relative stiffness o f  the bodies in contact. The contact stiffness k, is 
expressed as:
k J j F S l ) S K
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where,
A =  area o f  contact segment
K  = bulk modulus o f contacted element
SFSI = contact stiffness scale factor (0.1 by default)
V =  volume o f  the contacted element
As mentioned earlier, the penalty method is implemented in a symmetric manner. 
When the mesh grading varies along the contact surfaces, or the surfaces are subject 
to large distortions, the best choice o f  master surface may vary along the contact 
surfaces. The symmetry greatly increases the robustness o f  the contact algorithm by 
allowing each surface to act as both the master and slave surfaces.
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Chapter 4
Si m u l a t i o n  a n d  A n a l y s is  o f  St e n t
The m ost important step in any finite element simulation is to ideally model the 
problem. In order to achieve this, a great understanding o f  the software is essential to 
correctly approach the problem  and simulate the particular problem  as closely as 
possible. In the case o f stent expansion analysis good modelling o f  the deforming 
body is o f  most importance in order to achieve an accurate solution. Expansion o f 
stent is a complicated process. A three dimensional analysis is required in order to 
properly represent the problem  and to be able to detect unusual deformations. The 
analyses were performed using finite element packages ANSYS as a pre- and post­
processor and LS-DYNA3D explicit solver for the solution o f the problem.
4.1 Stent Expansion without Balloon
Inflation pressure plays an im portant role in the dilatation o f stent to its maximum 
distension limits. The variation o f  pressure loads has been recognised as one o f  the 
key points to achieve the ultimate stent geometry in the expansion o f the stent. The 
alteration o f  stent geom etry due to the inflation pressure therefore has become a 
decisive factor in the risk o f  subacute stent thrombosis [85]. That leaves a wide 
variety o f  areas to delve into. Application o f  pressure speed is one o f  the factors that 
should not be neglected. In this section, Finite Element (FE) simulation is used to 
simulate the expansion o f  a stent w ith pressure applied on the inner surface o f the
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stent. The analysis presented in this paper addresses the effect o f  the speed o f 
pressure on the stress distribution, degree o f  expansion and foreshortening o f the 
stent.
4.1.1 Modelling
The ANSYS Finite Element Package was used to develop the geometric models. The 
simulations were carried out to expand a stainless steel 304 stent o f  3.0 mm outer 
diameter and 2.9 mm  inner diameter w ith 20 m m  in length. The model contains 66 
slots (cells) which are equally spaced throughout the entire model. The dimensions o f 
the model are simply described in Table 4.1 below:
Category Stent before Expansion
N um ber o f  Cells 66 (33 x 2)
Cell Size 1.1128 mm2
Cell Areas 73.4448 mm 2
Metal Surface Area 41.606 mm2
Stent Surface Area 115.0508 m m 2
Outer D iam eter o f  Stent 3 mm
Inner D iam eter o f  Stent 2.9 mm
Length o f  Stent 20 m m
Table 4.1: Dimensions o f  the stent
By taking advantage o f  symmetry it was possible to model half o f  the problem. The 
finite elem ent model o f  ha lf o f  the stent used is shown in Figure 4.1. In this case the 
stent is particularly difficult part to m odel satisfactorily especially at the region 
where the slots are located. The slots have to be placed accurately in order to obtain 
the symmetrical geom etry throughout the stent. Even though the stent could be 
created by computer aided design packages (e.g. Mechanical Desktop), meshing the 
stent w ould be the most difficult step since hexahedron solid brick elements were 
preferred for analysis reasons. Owing to this reason, the stent was first created in one 
volume and then the entire volume was meshed without the present o f  any slots. The 
stent elements were then detached from each other using a function provided by
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ANSYS finite element package. The elements could be deleted once the constitution 
of elements was broken. The slots of the stent were then created by eliminating the 
detached elements.
Figure 4.1: Finite element model o f half o f the stent
48
Chapter 4: Simulation and Analysis
Figure 4.2: Selected discretised geometry
The individual stent strut w idth is 0.214 m m  in circumferential direction and the 
length o f  the bridging strut connecting between the two adjacent cells is 0.4 mm. 
Figure 4.1 shows the discretised model o f  the stent and Figure 4.2 shows a close up 
o f  the mesh used. The finite element m odel consists o f a total o f  9504 elements. The 
stent was discretised by  200 elements along its modelled length and 88 elements in 
circumference with 1 elem ent across the thickness.
The stent was m odelled using eight node three dimensional explicit dynamic solid 
brick elements. A bi-linear elasto-plastic material model was assumed for the stent 
material. This model uses two slopes (elastic and plastic) to represent the stress-strain 
behaviour o f  the material as shown in Figure 4.3. These two slopes were calculated 
by using Young's modulus as for elastic region and a Tangent modulus for plastic 
region. The material properties w ere chosen to approximately represent Stainless 
Steel 304 [103] and are shown in Table 4.2.
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Stainless Steel 304 Material Properties
Young's M odulus 193 GPa
Tangent M odulus 692 M Pa
Shear M odulus 75 x 106 M Pa
Poison's Ratio 0.27
Density 7.86 x I O'6 Kg/mm3
Yield Strength 207 MPa
Failure Stress 517 MPa
Failure Strain 0.45
Table 4.2: M aterial data used for material model
Figure 4.3: M aterial m odel used for tube material 
4.1.2 Boundary Conditions, Loading and Solution
Due to the symmetry o f  the stent only h a lf o f  the model was developed to simulate 
the expansion process. By utilising the correct boundary conditions, the stent nodes 
at the symmetry edges were restrained in the appropriate directions. Symmetric
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boundary conditions were imposed on the nodes o f  the stent in the plane o f 
symmetry. Both ends o f the stent were free from  any constraints so that expansion 
and foreshortening behaviour o f  the stent would be observed.
The pressure load was applied as a surface load on the inner stent surface, expanding 
the stent radially past its elastic limit to a m aximum diameter before failure stress 
was reached. Extra precaution was taken to make sure that the pressure load was 
applied on the right face o f  the elements. A problem could be encountered if  the 
pressure loading was wrongly placed.
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Figure 4.4: Five different load cases
— Load Case I 
Load Case II 
Load Case III 
Load Case IV 
Load Case V
As illustrated in Figure 4.4 five simulations w ith different load speeds were 
investigated during the analysis. A wide range o f  load speeds was carried out but 
only these five load speeds were selected as a probe to investigate the effect o f 
loading speeds on the deformation o f  the stent. This is due to the fact that too high o f 
the load speed m ay only cause the stent to damage and too low o f the load speed may 
result in buckling. Apart from that it was believed that the relation between the load 
speed and the deformation o f  the stent could easily be established with the load range
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presented. The five different load 
summarised in Table 4.3 as below:
cases as illustrated in Figure 4.4 could be
Load Case Load Speed (MPa/Msec)
I 400
II 100
III 40
IV 15
V 1
Table 4.3: Five different load cases w ith different load speeds
4.1.3 Results and Discussion
Generally speaking, the model o f  stent used in  these analyses has the same behaviour 
o f  deformation regardless o f  the speed o f  the pressure applied. All the simulations 
showed that the stent started distending from both ends and then gradually developed 
towards the centre o f  the stent.
In order to determine the value o f  m aximum radial displacement, the stent was 
radially expanded until the onset o f  plastic deformation was observed and the 
ultimate tensile strength o f  the material was reached. For the stent, maximum 
equivalent stresses w ere used for the direct com parison with the ultimate tensile 
strength o f  the material. All m aximum radial displacements were measured by taking 
the displacement values o f  the nodes in radial direction and they were located in the 
middle o f the stent. The shape o f stent changed according to the pressure speeds 
applied.
The regions o f  high stress are concentrated on the four com ers o f the cells rather than 
in the middle o f  the struts or the bridging strut itself. This was because the struts 
pulled apart from each other to form a rhom boid shape o f  cells during the expansion. 
This also resulted in shortening o f the stent. As the stent is expanding, the bridging 
struts move closer and close to each other until the maximum applied pressure is 
reached.
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4.1.3.1 Load Case I
For load case I, the stent was subjected to a uniform internal pressure increasing at a 
constant rate o f  400 M Pa per millisecond. Amongst the five different load cases, this 
simulation was run w ith the highest pressure and implemented by the fastest load 
speed. The development o f  the expansion process is detailed in Figure 4.5 to Figure 
4.8, which show the distribution o f  stress at various times during the simulation.
Figure 4.5: Distribution o f  stress in the stent at 25% o f final load by load case I
It is evident from these figures that the region o f maximum stress is always 
concentrated at the com er o f  the cells. However, the lower stress region is always 
changing. The distribution o f  stress shown in Figure 4.5 indicates that the lowest 
stress region is located very m uch in the same area and they are equally placed in the 
body struts throughout the entire stent. As the pressure increases the region becomes 
smaller. Somehow, it is very obvious from Figure 4.6 that the development o f stress 
in body struts near the tw o ends o f  the stent are much slower compared to the rest o f 
the body struts near the centre o f  the stent. As the pressure increases to 75% o f final
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load, m ost o f  the stresses on the body struts are w ithin the region o f  183 M Pa to 286 
MPa.
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Figure 4.6: D istribution o f stress in the stent at 50% o f  final load by load case I
Figure 4.7: Distribution of stress in the stent at 75% of final load by load case I
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Figure 4.8: D istribution o f  stress in the stent at final load by load case I
Figure 4.9 shows some parts o f  the structure in the stent are being loaded to their 
yield point. The highest stress region will first experience the plastic deformation. 
This region is located at the inner and outer com ers o f  the cells. At this stage, some 
parts o f  the stent are going through the elastic deformation. It tends to remain its 
shape. As the pressure increases, this region no longer able to store the applied forces 
and cause the neighbouring parts to deform plastically. The pressure at this point is 
found to be 4.48 MPa.
v o n  M is  es (G Pa)
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Figure 4.9: Distinct local plastic deformation by load case I
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Figure 4.10 shows a close up o f  the deformed mesh in the centre part o f  the stent (as 
indicated in Figure 4.8) after enlargement. A lthough the m axim um  stress was located 
at the comers o f  the stent stmts, it is observed that the regions o f most o f  the higher 
stresses are concentrated on the body o f  the stent stmts. On the contrary, the lowest 
stressed region is located at the bridging stmts itself.
Figure 4.10: Closer view o f the central stent stm t by load case I at final load
Figure 4.11 shows the stress level along the stent in z-direction at maximum 
expansion. This figure depicts the integration o f  stress levels at three locations o f the 
stent respectively. There is no doubt that the stress level is getting higher when 
approaching to the centre o f  the stent. Nevertheless, three specific locations o f the 
stent can be easily recognised from the graph. These three regions in the stent 
experience the param ount differences in stress level and they are found to be at the 
com er o f  the cell, body stm t and the bridging stmt.
The maximum peaks o f  the graph represent the com er o f  the cell and the highest 
peak point is found to be at 343.6 MPa. The bridging stm t o f  the stent is represented 
by the minimum peaks o f  the graph and the highest peak point is found to be at 196 
MPa. As can be seen from  the graph that the m axim um  stress sustained by the peak
Location of 
max. stress
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point o f  the bridging strut is still lower than the yield stress. This indicates that at 
some points o f  the bridging strut remain in the elastic region despite the fact that the 
stent is experiencing the maximum expansion. The body strut is represented by 
intermediate lines that are located between m aximum and minim um  peak points. The 
highest stress that the body strut could achieve is 303.3 MPa. A  conclusion that can 
be drawn from these intermediate lines is that the differences in stress along the body 
struts are getting sm aller near the centre o f  the stent. The highest stress occurs at the 
com er o f  the cell, follows by the body stm t and then the bridging strut. On the 
contrary, the lowest stressed point is located near the ends o f  the stent and it is found 
to be 75.2 M Pa as can be seen from the figure.
Figure 4.11: Stress level along the stent in z-direction at max expansion by load case I
The critical pressure w as determined based on the ultim ate stress or tensile strength 
o f  the material that was approxim ately 517 M Pa [103], The simulation time at this 
point was 0.032 ms. Figure 4.12 shows the development o f  radial displacement and 
foreshortening o f  the stent with respect to the pressure applied. The maximum 
pressure ju s t before failure was 13 MPa. The maximum radial displacement obtained
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was found to be 5.6 mm from the central axis of the stent. The maximum 
foreshortening of the stent in axial direction at that point was 2.06 mm. During the 
expansion process, the radial displacement and foreshortening increased gradually as 
the pressure increased to 13 MPa. It was observed that foreshortening of stent always 
occurs slower than radial displacement and it tended to go even slower when the 
pressure was approaching the critical value. The discrepancy between the radial 
displacement and foreshortening was found to be 3.54 mm when the maximum 
pressure was reached.
0  2  4  6  8  1 0  1 2  1 4
Pressure (MPa)
[— ♦ — Displacement —■ — Foreshortening
Figure 4.12: Development of radial displacement and foreshortening by load case I
4.1.3.2 Load case II
For load case II, the stent was subjected to a uniform internal pressure increasing at a 
constant rate of 100 MPa per millisecond. This simulation was run with the pressure 
speed that is four times slower than the pressure speed applied in load case I.The 
development of the expansion process is detailed in Figure 4.13 to Figure 5.2, which 
show the distribution of stress at various times during the simulation. As can be seen 
from the figures the location of maximum and minimum stress does not change as 
the expansion of stent continues. The distribution of stress in the stent does not show 
a huge distinction from load case I throughout the expansion process. The stress level 
sustained by the stent in load case II is somewhat lower here but the region where the 
higher stress occurs is more concentrated compared to load case I. At maximum
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expansion, most of the stresses on the body struts are within the region of 232 MPa 
to 289 MPa.
Figure 4.13: Distribution of stress at 25% of final load by load case II
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Figure 4.14: Distribution of stress at 50% of final load by load case II
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Figure 4.15: Distribution of stress at 75% of final load by load case II
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Figure 4.16: Distribution of stress at final load by load case II
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Figure 4.17 shows the distinct local plastic deformation at the end of the stent by 
load case II. It can be clearly seen from the figure that the outer and inner comers of 
the cells will first go through the plastic deformation. The body stmt experiences the 
least stress compare to the bridging stmt. As the expansion going on, the lowest 
stressed region becomes smaller. This is due to the force that gradually transferred to 
the middle of the body strut. However, the figure shows no distinctions of stress 
allocation between load case I and load case II at the yield point. The pressure load at 
this point is found to be 1.83 MPa.
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Figure 4.17: Distinct local plastic deformation by load case II
Figure 4.18 shows a close up of the deformed mesh in the centre part of the stent (as 
indicated in Figure 4.16) after enlargement. From this figure, it can be seen that the 
distribution of stresses are mostly concentrated on four comers of the cells rather 
than in the middle of the stmts or the bridging strut itself. Unlike load case I, the
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stress levels over the entire body of the stent struts were much lower in load case II. 
They were approximately within the range of 232 and 289 MPa.
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Figure 4.18: Close view of the central stent strut by load case II at final load
Figure 4.19 shows the stress level along the stent in z-direction at maximum 
expansion by load case II. The stress levels of the stent are getting higher as in the 
load case I when approaching to the centre of the stent. The highest peak point of the 
comer of the cell and the bridging strut is found to be at 331.4 MPa and 191.6 MPa 
respectively. The discrepancy of these two peak points is smaller comparing to load 
case I. The highest stress occurs in the body strut is found to be 287.5 MPa. The 
lowest stress point is located near the edge of the stent which is found to be 51.8 
MPa. The stress level of the closest body stmt to the edge of the stent in load case II 
is slightly different from load case I. The stress increases along the first half of the 
body stmt in both load cases but they experience a different trend in the second half 
of the body strut. The stress occurs in the load case II tends to lower down in second 
half of the body strut whereas it remains constant in load case I.
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Figure 4.19: Stress level along the stent in z-direction at max expansion by load case II
Figure 4.20 shows the development of radial displacement and foreshortening of the 
stent with respect to the pressure applied. The maximum pressure achieved just 
before failure was 5.33 MPa and the simulation time at that point was 0.053 ms. The 
magnitude of displacement and foreshortening were found higher in load case II. The 
maximum radial displacement obtained in load case II was 6 mm whereas the 
maximum foreshortening obtained was found to be 3.45mm.
Like load case I, the foreshortening in load case II always occurs slower than radial 
displacement. However, the foreshortening tended to reduce its length at same rate as 
diameter expanded when the pressure was approaching the critical value. The 
discrepancy between the foreshortening and radial displacement at that stage was 
2.55 mm.
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Figure 4.20: Development of radial displacement and foreshortening by load case II
4.1.3.3 Load Case III
For load case III the stent was subjected to a uniform internal pressure increasing at a 
constant rate of 40 MPa that is ten times slower than the pressure speed utilised in 
load case I. The development of the expansion process is detailed in Figure 4.21 to 
Figure 4.24, which show the distribution of stress at various times during the 
simulation.
Figure 4.21 : Distribution of stress at 25% of final load by load case III
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The distributions of stress in the stent before 50% of the final load in load case III 
resemble the first two load cases. The distribution of stress begins to change at 75% 
of the final load. The stress in the body struts are lower especially in the middle of 
the stent compared to the load case I and II. Most of them are within the region of 
150 to 184 MPa.
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Figure 4.22: Distribution of stress at 50% of final load by load case III
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Figure 4.23: Distribution of stress at 75% of final load by load case III
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Figure 4.24: Distribution of stress at final load by load case III
Figure 4.25 shows the distinct local plastic deformation at yield point by load case 
III. Once again this figure shows no differences on the allocation of stress from the 
first two load cases. The region of lower and higher stresses remain at the same 
location as in load case I and II. The pressure load at this point is found to be 1.02 
MPa. Figure 4.26 shows the close up of the deformed mesh in the centre part of the 
stent as indicated in Figure 4.24 after enlargement. It can be seen from this figure 
that the distribution of stresses over the entire body of the stent was resembled to the 
stent under load case II. However, the compilation of stresses at the four comers of 
the cells were more prominent in this load case. The regions of higher stresses were 
smaller and stress levels on the stent stmts were lower as well compared to load case 
II. At maximum expansion the stress levels under load case III was approximately 
within the range of 235 to 292 MPa.
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Figure 4.25: Distinct local plastic deformation by load case III
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Figure 4.26: Close view of the central stent strut by load case III at final load
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Figure 4.27 shows the stress level along the stent in z-direction at maximum 
expansion by load case III. It is found that the path of the stress along the stent in this 
load case is similar to the path of stress engendered in load case II. However, the 
stress occurs at the comer of the cell, body stmt and bridging stmt here is lower than 
load case II. The maximum stress obtained at the comer of the cell and bridging stmt 
is found to be 319 MPa and 178.5 MPa respectively. The body strut, which is 
represented by the intermediate lines that are located between maximum and 
minimum peak points is found to be 265.1 MPa. The lowest stress point where is 
located in the vicinity of the end body strut is measured as 49.5 MPa.
Figure 4.27: Stress level along the stent in z-direction at max expansion by load case III
Figure 4.28 shows the maximum radial expansion and foreshortening achieved under 
load case III. The maximum pressure achieved just before failure was 2.97 MPa and 
the simulation time at that point was 0.074 ms. The maximum radial displacement 
and foreshortening achieved were found to be 6.3 mm and 4.63 mm respectively. 
Although the amount of foreshortening was smaller than diameter expanded the
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foreshortening reduced its length at a quicker rate when the pressure of 2.68 MPa 
was reached. The discrepancy between the foreshortening and radial displacement at 
full load was 1.67 mm.
Pressure (MPa)
— ♦ — Displacement — ■ — Foreshortening
Figure 4.28: Development of radial displacement and foreshortening by load case III
4.1.3.4 Load Case IV
The fourth simulation was run with the internal pressure increasing at a constant rate 
of 15 MPa/Msec. Obviously, the pressure speed utilised in this simulation was much 
slower than the previous simulations.
Figure 4.29 to Figure 4.32 shows the development of the expansion process with the 
distribution of stress at various times during the simulation. As can be seen from the 
figures that the location of maximum stress does not change as the expansion of stent 
continues. In spite of a slight difference in the magnitude of displacement, the 
distributions of stress over the entire body of the stent at 25% of final load in load 
case IV are resembled to previous three load cases. As the pressure increases to 50% 
of final load, the region of the lowest stress becomes more prominent and more 
concentrated. In this load case, the magnitude of stress in most of the body struts is 
lower than 150 MPa at 75% of final load and 250 MPa at final load.
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Figure 4.29: Distribution of stress at 25% of final load by load case IV
Figure 4.30: Distribution of stress at 50% of final load by load case IV
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Figure 4.31 : Distribution of stress at 75% of final load by load case IV
von. Mise s. (GPa)
.033213
.086967
.140721
.194475
.248229
.301983
.355738
.409492
.463246
.517
After expansion
Before expansion
Y
Figure 4.32: Distribution of stress at final load by load case IV
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The stress levels shown at the body of the struts in Figure 4.32 were much lower 
compared to the previous three simulations. They were within the range of 194 MPa 
to 248 MPa. However, the stress level in the bridging struts itself was found to 
increase significantly as can be seen in Figure 4.33. The regions of lower stress in 
bridging struts have become wider and higher. But, the stent under this load case has 
one similarity with load case I, II and III that is the higher stresses accumulated at the 
four comers of cells and became more concentrated.
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Figure 4.33: Close view of the central stent strut at final load by load case IV
The stress level along the stent in load case IV at maximum expansion is shown in 
Figure 4.34. As can be seen from the figure that all the intermediate lines are flatter 
than the previous three load cases. This indicates that the differences in stress along 
each body strut are getting smaller. Besides that the discrepancy of stress at the body 
stmt in the vicinity of stent edge and centre of stent are lower. The highest peak point 
of the comer of the cell and the bridging stmt is found to be 302.9 MPa and 143 MPa 
respectively. The highest stress that occurs in the body stmt is found to be 241.1 
MPa. As previous three load cases, the lowest stressed point is located in the middle 
of the bridging strut at the end of the stent. The magnitude of the lowest stress point 
is measured as 48.5 MPa.
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Figure 4.34: Stress level along the stent in z-direction at max expansion by load case IV
Figure 4.35 shows the development of radial displacement and foreshortening of 
stent with respect to the pressure applied. The maximum pressure achieved was 1.61 
MPa and the simulation time at that point was 0.107 ms. The maximum radial 
displacement and foreshortening obtained were found to be 6.66 mm and 6.12 mm 
respectively.
It was noticed that the stent reduced its length at a quicker rate much earlier than the 
stent in previous load cases throughout the expansion process. The amount of length 
reduced was found to be higher than the amount of diameter expanded when the 
pressure of 1.45 MPa was reached. At the maximum pressure, the total magnitude of 
the foreshortening and the radial displacement were nearly equal. The discrepancy 
between the diameter expanded and the foreshortening at maximum pressure was 
0.54 mm.
73
Le
ng
th
 
(m
m
)
Chapter 4: Simulation and Analysis
Pressure (MPa)
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Figure 4.35: Development of radial displacement and foreshortening by load case IV
4.1.3.5 Load Case V
This simulation was run with the lowest pressure and utilised by the slowest load 
speed. The pressure speed used in this load case was 1 MPa/Msec. Although this 
simulation could have used pressure speeds lower than 1 MPa/Msec, it would seem 
like a good idea to know the ultimate shape the stent takes up at this stage. Since the 
outcome of this simulation was not impressive and the shape of the stent became 
concave, simulations slower than this pressure speed are not necessary.
The development of the stent expansion process is detailed in Figure 4.36 to Figure 
4.39, which show the distribution of stress at various times during the simulation. At 
the outset of the stent expansion the allocation of stress show commensurate with the 
previous four load cases regardless of what pressure speed was being applied. As the 
pressure increases to 50% of the final load, the location of lowest stress where 
resided in the middle of the body struts becomes more concentrated compared to the 
load case I, II, III and IV. A slight bending has taken place at both ends of the stent. 
The middle of the stent has bulged a little bit more than the neighbouring struts as 
well. As the pressure increases the bending becomes more obvious while the body 
struts have developed into a concave shape. The lowest stress region at this stage is 
still clearly seen as in Figure 4.38. By the time the final load is reached the stent has 
shorten into 1/3 of its original length.
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Figure 4.36: Distribution of stress at 25% of final load by load case V
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Figure 4.37: Distribution of stress at 50% of final load by load case V
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Figure 4.38: Distribution of stress at 75% of final load by load case V
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Figure 4.39: Distribution of stress at final load by load case V
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Figure 4.40 shows the elastic plastic region of the stent at material yield point by 
load case V. As can be seen from the figure that the location of the maximum and 
minimum stress at the yield point does not change as in the previous four load cases. 
The stress level at different elastic regions is similar to the previous load cases as 
well. However, the slight bending at the end of the stent is clearly seen from this 
figure.
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Figure 4.40: Distinct local plastic deformation by load case V
Figure 4.41 shows a close up of the deformed mesh in the centre part of the stent as 
indicated in Figure 4.39 after enlargement. It was noticed that the regions of lower 
stress have switched from the bridging struts to the outer comers of the bridging 
stmts itself. Nevertheless, regions of higher stress are still accommodated in the same 
place as the previous four load cases (i.e. at the four comers of the cells). The 
average stress levels experienced by the stent stmts were approximately within the 
range of 125 MPa to 237 MPa.
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Figure 4.41: Close view of the central stent strut at final load by load case V
Figure 4.42 shows the stress level along the stent in z-direction at maximum 
expansion by load case V. The stress level in this load case is very different to those 
obtained in previous simulations. There is an abrupt dropping of stress between the 
comer of the cell near the edge of the stent and the centre of the stent. The body 
stmts near the centre of the stent lay in the same line of stress level but they are no 
longer in the same level within itself. This is typically unlike the previous four load 
cases, which the stress level in the specific body strut is very much in the same 
magnitude. This could be the cause of the localised deformation of stent stmts into a 
concave shape in this load case. The highest stress that occurred in the body stmt is 
measured as 141.2 MPa.
As can also be seen from this figure that, the lowest stress point is not located at the 
edge of the stent anymore, but at the second bridging stmt from the ends of the stent. 
At this point, the stress is measured as 31.1 MPa. The highest peak point of the 
comer of the cell and the bridging strut is found to be at 283.9 MPa and 67.2 MPa 
respectively. One point should be noted is that the discrepancy of stress between the 
comer of the cell and the bridging stmt has become significantly large.
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Figure 4.42: Stress level along the stent in z-direction at max expansion by load case V
The development of radial displacement and foreshortening of stent during the 
expansion is shown in Figure 4.43. The maximum pressure achieved just before 
failure was 0.327 MPa whereas the simulation time at that point was 0.327 ms. In 
this case, the maximum radial displacement and foreshortening achieved were found 
to be 7.56 mm and 13.57 mm respectively. It can be seen in Figure 4.43 that the 
amount of foreshortening tended to pick up rapidly when the pressure was reaching 
0.229 MPa. Unlike the previous four load cases, the foreshortening in this simulation 
has completely overtaken the radial displacement and become dominant when the 
pressure of 0.262 MPa was reached. The discrepancy between the foreshortening and 
maximum radial displacement at maximum pressure was equal to 6.01 mm. In other 
words, the total length of the stent contracted was more than the diameter expanded 
by 6.01 mm when the maximum pressure was reached.
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Figure 4.43: Development of radial displacement and foreshortening by load case V
4.1.4 Comparison of Results
In order to compare the results between the five load cases, the potential diameter of 
the distending stent was calculated from the deformed shape at each equal increment 
of pressure points.
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Figure 4.44: Displacement vs. percentage increment of pressure at equal intervals
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It is clearly shown that the stent will experience the greatest expansion under load 
case V. On the contrary, the stent under load case I will experience the smallest 
expansion. The graph also shows that if higher-pressure speeds are applied smaller 
radial displacement can be achieved.
The amount of foreshortening at each equal increment of pressure points for five 
different load cases is shown in Figure 4.45. It can be seen that the development of 
foreshortening follows exactly the same sequence as in radial displacement that is 
when the pressure speed increases the total length of foreshortening decreases. 
However, it was noticed that the proportion of foreshortening to pressure speed 
applied is higher in load case V. The reduction in length of the stent has developed 
rapidly when the percentage increment of pressure from its initial pressure reached 
approximately 600% for load case V. It was assumed that there are four different 
ranges of pressure speeds between 1 MPa/Msec and 400 MPa/Msec, so, any pressure 
speed between 1 MPa/Msec and 15 MPa/Msec has a major effect on the 
foreshortening of stent. This indicates that a small increment of pressure speed will 
result in a large contraction of stent within that range. It was also evident that the 
pressure speeds ranging from 15 MPa/Msec to 400 MPa/Msec have only a minor 
effect in terms of percentage increment in foreshortening.
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Figure 4.45: Foreshortening vs. percentage increment of pressure at equal intervals
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Figure 4.46 shows the development of von Mises stress throughout the expansion 
process. It is clearly shown that the stresses in the stent developed at the faster rate 
within the first millimetre of radial expansion regardless of what pressure speeds 
were applied. However, the stresses in load case I seemed to develop quicker at 
every subsequent one millimetre of increment in radial displacement after the first 
millimetre of expansion. This graph again shows that the von Mises stress developed 
slower as the pressure speeds increased. It was again noticed that the stress levels of 
stent in the range of 1 MPa/Msec to 15 MPa/Msec tended to drop faster as the 
pressure speeds decreased. As a result the stent under load case V reached the failure 
point at a higher level of radial expansion than the other four load cases.
D isplacem ent (mm)
Figure 4.46: Development of stress in stent under five different load cases
Figure 4.47 shows the total length of foreshortening for every 1-millimetre increment 
of radial displacement. It is evident that the application of high speed pressure has a 
direct effect on the foreshortening of stent during the expansion. Therefore, slower 
speeds of pressure application imply greater foreshortening of stent. Load case I and
II have the tendency of having a faster expansion in the radial direction compared to 
foreshortening in axial direction throughout the expansion process. However, for 
load case III and IV the stent reduced its length at a quicker rate after the fourth 
millimetre of radial displacement. The rate of foreshortening under load case V was
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absolutely ample. It was found that the foreshortening has replaced the radial 
displacement in stent expansion after the second millimetre of radial displacement. 
Therefore, the stent was found shorter in axial direction compared to the diameter 
expanded in radial direction at the end of simulation under load case V.
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Figure 4.47: Comparison between the length of foreshortening and radial displacement
From the analyses a relationship between the maximum stent expansion diameter and 
pressure speed can be established, as shown in Figure 4.48. This figure indicates that 
the pressure speeds will have the major effect on the stent expansion in radial 
direction when the pressure speed is lower than 15 MPa/Msec. Although there was a 
dramatic drop of pressure speed from 400 MPa/Msec to 100 MPa/Msec, there was no 
indication that the stent will have a massive increment in stent diameter. Figure 4.49 
shows the relationship between the foreshortening of stent and pressure speeds. From 
this graph, it is evident that the stent will experience greater foreshortening when the 
pressure speed is decreased. However, as in radial expansion, the pressure speeds 
will have a major effect on foreshortening when pressure speeds lower than 15 
MPa/Msec are applied. Besides that, the magnitude of reduction in length of stent 
compared to radial expansion at pressure speed lower than 15 MPa/Msec was found 
extremely large. For example, the difference between the pressure speeds of 1
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MPa/Msec and 15 MPa/Msec for the foreshortening and the diameter expanded were 
found to be 7.45 mm and 0.9 mm respectively. This implies that pressure speed has 
the major influence on the foreshortening rather than radial expansion of stent.
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Figure 4.48: Plot of max radial displacement achieved with respect to pressure speed
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Figure 4.49: Plot of maximum foreshortening achieved with respect to pressure speed
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4.1.5 Study Limitations
This study presents a finite element analysis of predicting the stent diameter and 
foreshortening under different speed of pressure application during the entire 
expansion process. The study is mainly concentrated on the expansion and 
foreshortening of the stent. The feasibility of stent will not be an issue here as in an 
ideal stent, the foreshortening should not be shorter than 1.5 mm [69], In the actual 
situation, a balloon is used as the medium to distend the stent and the detail 
simulations will be explained in next section.
It should be noted that no experimental works are conducted. Validation of the 
results was simply based on the standard general validation checks of the finite 
element method such as smooth load development, similarity of stress-strain plot of 
the structure against material property data and smooth continuity of contour lines 
across element boundaries. Figure 4.50 shows the development of stress for each 
load case at a node in the comer of the cell where maximum stress areas are located. 
It is evident that the development of stress is closely resembled the bi-linear stress- 
strain relationship of the material, which indicates a reliable solution.
It was observed that the stent assumed a concave shape at maximum expansion and 
the end stmts showing more concave shaped deformation. During stent deployment, 
it is not desirable to have such abrupt bending because it may cause injury and 
damage to the arterial wall [104],
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Figure 4.50: Development of von Mises stress at corner node for each load case
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Chapter 5
S i m u l a t i o n  a n d  A n a l y s is  o f  St e n t  a n d  B a l l o o n
5.1 Stent Expansion with Balloon
The pressure load utilised in the stent expansion without balloon was applied on the 
inner surface of the stent itself. However, in the actual situation a balloon catheter is 
used as a medium to engender the stent expansion. Therefore, to obtain a more 
realistic insight into the expansion process and deformation behaviour, the balloon 
must be taken into consideration. In order to do that, the balloon has to be modelled 
with stent. In such a case, the analysis will be more complicated due to the fact that 
the balloon will have to be modelled and contact conditions between the balloon and 
stent will have to be considered. This section details the modelling procedures used 
to simulate the stent expansion by using a balloon as an expansion medium. The 
results from the simulations are presented and analysed.
5.1.1 Modelling
The ANSYS Finite Element package was used to design the geometric models of the 
stent and the balloon catheter. The simulation was carried out to expand a stainless 
steel 304 stent of 3 mm outer diameter and 2.9 mm inner diameter with 10 mm in 
length. The stent contains 84 slots (cells) which are equally spaced throughout the 
entire model. The dimensions of the stent are simply described in Table 5.1 below:
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Category Stent before Expansion
Number of Cells 84
Cell Size 0.416 mm2
Cell Areas 35.25 mm2
Metal Surface Area 59.00 mm2
Stent Surface Area 94.25 mm2
Outer Diameter of Stent 3 mm
Inner Diameter of Stent 2.9 mm
Length of Stent 10 mm
Table 5.1: Dimensions of the stent
Due to the symmetrical geometry of the stent it was possible to model just one 
quarter of the stent. The finite element model of a quarter of the stent is shown in 
Figure 5.1. One particular benefit gained from this symmetrical model is that the 
computation time of the problems was greatly reduced. The stent was first created as 
a partial cylinder. The volume was created from zero to ninety degrees, which 
generated a quarter of the stent. The slots were created as separate parts of volumes. 
It was created in such a way that the volume of the slots will intersect with the 
volume of the stent. Hence, the volume of the stent can be taken off separately by 
subtracting the volumes of the slots. When the subtraction was done, the remaining 
volume was the geometry of the stent.
The individual stent strut width is 0.1963 mm in circumferential direction and the 
length of the bridging strut connecting between the two adjacent cells is 0.29 mm. 
The finite element model of the stent was meshed with tetrahedral elements to 
properly model the geometry. Figure 5.2 shows the discretised finite element model 
of the entire assembly. The stent comprised of 7881 elements and 3473 nodes. A bi­
linear elasto-plastic material model was assumed for the stent material. The material 
properties were chosen to approximately represent Stainless Steel 304 and are as 
used in previous section.
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Figure 5.2: Selected discretised geometry
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The balloon was modelled as a quarter cylinder placed inside the stent with the 
outside diameter of the balloon being equal to that of the inside diameter of the stent. 
A polyurethane rubber type material was used to represent the balloon. The balloon 
as a medium to expand the stent was modelled to be 12 mm in length. The outer 
diameter of the balloon was 2.9 mm and the thickness of the balloon was 0.1 mm. 
The balloon was modelled using eight node three dimensional explicit dynamic solid 
brick elements. The finite element model of the balloon consists of a total of 2400 
elements. The balloon was discretised by 60 elements along its modelled length and 
40 elements in circumference with 1 element across the thickness. The balloon was 
discretised with 40 elements in circumference in order to have better deformation 
result in circumferential direction.
A non-linear analysis approach and a hyperelastic material model were chosen to 
represent the balloon. A two parameter Mooney-Rivlin material model was used with 
the constants being derived using test data, which represented all modes of 
deformation, and strain ranges that the model will experience. One hundred and 
twenty two data points were taken from the test data. These data points were input 
into ANSYS for computing the two term Mooney-Rivlin series. The quality of the 
Mooney-Rivlin constants was evaluated to ensure that the curve fitted well with the 
experimental data provided. A graph of calculated stress-strain data versus the 
experimental stress-strain data was plotted to check the quality of the curve fit. This 
graph is shown in Figure 5.3.
The Mooney-Rivlin constants derived from ANSYS were then input to the LS- 
DYNA programme to assign for the material characteristic of the balloon. The two 
parameter Mooney-Rivlin constants used were C(10) = 0.106881E-02 and C(01) = 
0.710918E-03. The density of the polyurethane rubber was determined 
experimentally to be 1.07 x 10'6 Kg/mm3 and the Poisson's ratio was assumed to be 
0.495 [99].
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Figure 5.3: Graph calculated values versus experimental data 
5.1.2 Boundary Conditions, Loading and Solution
By taking the advantage of symmetrical conditions, only a quarter of the stent and 
balloon was modelled. Symmetric boundary conditions were imposed on the nodes 
of the stent and balloon in the planes of symmetry where all the nodes perpendicular 
to y-axis were not allowed to move in y direction and all the nodes perpendicular to 
x-axis were not allowed to move in x direction. Both ends of the stent were free from 
any constraints so that the expansion and shortening behaviour of the stent would be 
observed. For modelling purpose, the balloon was assumed to be fully tethered at 
both ends and hence only the expansion in radial direction was permitted.
An automatic surface to surface algorithm approach was selected in order to cope 
with the non-linear contact problem between the two component surfaces. This 
algorithm was chosen because it is used for bodies, which have arbitrary shapes that 
have relatively large contact areas. Also, this type of contact is most efficient for 
bodies that experience large amounts of relative sliding.
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The pressure load was applied as a surface load on the inner surface of the balloon, 
expanding the stent radially past its elastic limit to a maximum diameter before 
failure stress was reached. The loading pattern used for this simulation is shown in 
Figure 5.4. As illustrated in Figure 5.4, the balloon was subjected to a uniform 
internal pressure increasing from 0 to 0.409 MPa at a constant rate for 1.635 
milliseconds. Ramp loading at a sufficiently slow rate that has small kinetic energy 
or small oscillations provides the opportunity to find the relationship of pressure 
level to ultimate tensile strength of the stent material. In order to eliminate or reduce 
the dynamic effects to the minimum, a few analyses with different values of system 
damping coefficient were carried out. It was found that the system damping 
coefficient of 10 produced satisfactory result.
0.5
Simulation Time (Msec)
Figure 5.4: Loading curve
5.1.3 Results and Discussion
In order to determine the value of maximum radial displacement, the stent is radially 
expanded until the onset of plastic deformation is observed and the ultimate tensile 
strength of the material is reached. For the stent, maximum equivalent stresses are 
used for the direct comparison with ultimate tensile strength of the material. All 
maximum radial displacements are measured by taking the displacement values of 
the nodes in radial direction and they are located in the mid-section of the stent.
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The dilatation of the stent with the balloon is a volume controlled process. At the 
very beginning, a certain amount of pressure is applied to the balloon which causes 
the balloon to open. This happens without any increase of the stent diameter and can 
be evidenced from Figure 5.5, which shows that there is almost no dilation of stent 
diameter from the start until the pressure has reached approximately 0.06 MPa. At 
this point, it is thought that the balloon actually starts to fit closely to the stent.
Pressure (MPa)
Figure 5.5: Stent diameter versus pressure
The balloon experiences bulging to the utmost at both ends as the pressure is 
increased and then slowly transmits its forces towards the central part to balance out 
its force through the entire model. It is understood that the balloon under uniform 
pressure begins to expand at both ends because of the differences in material 
properties between the balloon and the stent plus resistance from the stent itself. So, 
when the force required to further expand the balloon at both ends exceeds the 
resistant force from the stent, expansion of stent takes place. As the pressure 
increases, the reaction force of the stent is no longer able to hold the balloon back to 
its original state. Therefore, a small increase in the stent diameter takes place. During 
further dilatation, the diameter of the stent tends to pick up gradually.
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As the stent is expanding, some parts of the structure in the stent are actually being 
loaded to their yield point as can be seen from Figure 5.6. As a result, the stress in 
the stent is gradually increased. However, the stress in some areas of the stent is 
typically high. These areas are found to be located at the four comers of the cells and 
in the middle of the cells or in the bridging struts. This is because of the struts being 
pulled apart from each other to form a rhomboid shape of cells during the expansion. 
The pressure load at this point is measured as 0.055 MPa. At this stage, some parts of 
the stent are actually going through the elastic deformation. When the stent structure 
is not able to store the applied forces anymore, the weakest part of the stmcture 
collapses. As a result, these parts are plastically deformed. The neighbouring parts 
follow through the deformation as the pressure increases. This deformation occurs in 
a chain reaction until the entire stent is plastically deformed into its new shape.
Figure 5.7 shows the distribution of von Mises stress in the expanded balloon and 
stent when the critical pressure is reached. At this point the pressure measured is
von Mises (GPa)
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Figure 5.6: Distinct local plastic deformation
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found to be 0.4 MPa. Figure 5.8 shows the geometry of the stent before deformation 
and the distribution of stress in the expanded stent after deformation. Apart from the 
critical stress at the comer of the cells, from Figure 5.8 it can be seen that the 
distribution of higher stresses is mostly concentrated in the middle of the stmts or the 
body stmts. This is unlike the distribution of stresses at the beginning or just before 
the yield point of the material strength (Figure 5.6), in which the major stresses are 
mostly concentrated around the cells. The average stress level in the body stmts is 
approximately within the range of 243 MPa to 298 MPa.
Stent
Balloon
von. Mises. (GPa)
. 0 0 6 6 1 2  
. 0 6 3 3 2 2  
. 1 2 0 G 3 2  
. 1 7 6 7 4 1  
. 2 3 3 4 5 1  
. 2 9 0 1 6 1  
. 3 4 6 8 7 1  
. 4 0 3 5 8 1  
. 4 6 0 2 9 1  
. 5 1 7 0 0 1
Figure 5.7: Distribution of stress at maximum expansion
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One point to be noted here is that the average stress level in the region at both ends 
of the stent is rather lower compared to the central part of the stent. This is due to the 
forces being transferred to the central part of the stent by the balloon.
Location of min. stress
Before expansion
After expansion
von Mises. (GPa)
. 0 2 4 9 9 4
. 0 7 9 6 6 2
. 1 3 4 3 2 9
. 1 8 8 9 9 6
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. 2 9 8 3 3 1
. 3 5 2 9 9 9
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. 4 6 2 3 3 3
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Figure 5.8: Distribution of stress in the stent at maximum expansion
Figure 5.9 shows a close up of the deformed mesh in the edge of the stent (as 
highlighted in Figure 5.8) after enlargement. This figure also shows the distribution 
of stresses around the comer of the cell at maximum expansion. As can be seen from 
the figure that the maximum stress is located around the junction of the cell. It is 
believed that the consecutive application of pressure after this point might result in a 
tear at the junction of the cell.
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Failure point
Figure 5.9: Closer view of the end strut as highlighted in Figure 5.8
Figure 5.10 shows the ultimate deformation at the end of the stent when the critical 
pressure is reached. It is noticed that there is no contact between the balloon and the 
ends of the stent when the maximum pressure is approached. This also explains the 
reason that the stress level is lower near the ends of the stent.
Figure 5.10: Closer view of the deformation at the end of the stent
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Foreshortening is an inherently common problem in stents and is evident when a 
stent is expanded. In order to calculate the foreshortening of the stent, a node was 
picked from one edge of the stent and a graph was plotted to find out the 
displacement of that node in z-direction. The node was only taken from one of the 
two edges of the stent was because of the symmetrical geometry of the stent. 
Therefore, the magnitude of the foreshortening in the left-hand side should be 
identical to the right-hand side.
Figure 5.11 shows the development of the foreshortening at that node. As can be 
seen from the figure that the foreshortening develops in three stages. It is noticed that 
the foreshortening happens very slowly or almost negligible at the start of dilatation. 
At this stage, the stent is still awaiting for the balloon to make a proper contact. The 
stent is way too strong to deform just yet. As parts of the stent experiences an 
increasing stress, it is then that the foreshortening develops at a faster rate when the 
time of approximately 0.3 msec is reached. The foreshortening continues fairly at a 
constant rate until the time of 1.383 msec is reached. At this time, the foreshortening 
suddenly picks up very quickly due to the massive expansion in the radial direction.
g
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Figure 5.11: Foreshortening of the stent with time
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5.2 Analysis of Deployment Pressure on Slotted Tube Stent 
Expansion
Deployment pressure is one of the major factors that will affect the stent dilatation. It 
is one of the subjects of considerable discussion and argument. Low deployment 
pressures can result in incomplete apposition of the stent struts against the vascular 
wall, which in turn can provoke thrombus (a clot in a blood vessel) formation leading 
to either subacute closure or late restenosis. Many physicians believed that high 
pressure dilatations have reduced the risk of thrombotic closure. They believe that 
the elimination of the risk of subacute stent thrombosis is due to the enhancement of 
the expanded geometry of coronary stents. However, high deployment pressures can 
also result in the penetration of the stent struts into the adventitia as well as an over- 
expanded vessel wall, promoting proliferative neointimal response [107]. This 
section will detail the effect of deployment pressure on the structure of the slotted 
tube stent from mechanical point of view. Also, how the alteration in deployment 
pressures reflects the changes in obtaining uniformity of the stent geometry are 
presented.
5.2.1 Modelling
Modelling was performed using ANSYS finite element package. The most important 
step in any finite element simulation is the idealisation and modelling of the problem. 
In the case of stent analysis, modelling could be very complicated. This is because of 
the complicated shape of the stent. Furthermore, the symmetrical geometry of the 
stent makes it even more complicated as all the slots have to be fitted in evenly. In 
order to properly represent the problem and to be able to observe the deformation of 
the stent a three- dimensional analysis is required. The ANSYS pre-processor was 
used to develop the finite element model and the LS-DYNA3D explicit solver was 
used to solve the problem. A fundamental part of the analysis process is the 
simplification of geometry to keep model size manageable while allowing sufficient 
element density. One way of doing this is to take advantage of symmetry. 
Consequently, only a section of the model is analysed. The idea behind symmetry is 
that if with proper boundary conditions, only one section needs to be modelled and at 
the same time obtain results that are representative of the entire geometry.
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The simulations were carried out to expand a stainless steel slotted tube of 25.4 mm 
outer diameter and 23 mm inner diameter with 86.8 mm in length. The geometry of 
the slotted tube was developed in such a way that all the slots were equally spaced 
throughout the entire model. In order to do this several volumes had to be created. 
These volumes were combined together to form a complete geometry of the slotted 
tube. Since only a quarter of the problem will be modelled, it was understood that the 
slot and the solid part of the model (i.e. the body strut) had to be evenly placed 
within ninety degrees. The geometry of the slotted tube can be categorised into two 
groups, i.e. body strut and slot or bridging strut. The slot and the bridging strut were 
divided into the same group was because both of them laid in the same section or 
same portion within an angle. The volumes could be created once the numbers of slot 
were decided. In the case of this geometry model, they were divided into eight 
divisions. As a result, the angle for each slot and body strut was determined to be 
11.25 degrees. The dimensions of the slotted tube are simply described in Table 5.2 
below:
Category Stent before Expansion
Number of Cells 40
Cell Size 62.748 mm2
Cell Areas 2509.92 mm2
Metal Surface Area 4416.41 mm2
Stent Surface Area 6926.33 mm2
Outer Diameter of Stent 25.4 mm
Inner Diameter of Stent 23 mm
Length of Stent 86.8 mm
Table 5.2: Dimensions of the slotted tube
To develop the body strut of the model, a partial cylindrical volume with 11.25 
degrees was first developed in a three-dimensional plane. The subsequent volumes of 
the body strut were then constructed by adding up the angles. For example, the first 
body strut was created from starting angle 5.625 degrees to 16.875 degrees. The 
second body strut was created from 28.125 degrees to 39.375 degrees. The degree of
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angles differences within the body strut and between the two body struts was 
identical, i.e. 11.25 degrees. The geometry of the bridging strut was fabricated by 
altering the workplane from left to right based on the length of the slot and bridging 
strut. Basically, the workplane was adjusted accordingly to facilitate the bridging 
struts. The individual slot and strut widths are equal to 2.49 mm in circumferential 
direction. The widths of an individual slot and strut were determined to be equal size 
since they both contained the same degree of angle. The length of the bridging strut 
connecting the two adjacent cells is 2.8 mm and the length of the slot is determined 
to be 25.2 mm long.
One obvious change from the previous model is that the current finite element model 
of the slotted tube is meshed with hexahedral elements. Apart from fitting all the 
slots in, the main difficulty in modelling the slotted tube is creating a mesh with 
hexahedral elements. To mesh with hexahedral elements a cube kind of volume is 
required. This is the reason why the separate volumes of the slotted tube had to be 
created in the first place. All the lines of the volumes were set appropriately before 
meshing so that the nodes generated could be merged in a later step of the meshing 
procedure. The nodes were merged in order to bond the elements together to form the 
final geometry of the slotted tube. It is important to ensure that the nodes were 
properly merged, as failure to do so will result in an inaccurate solution in which all 
the elements will be out of alignment. Basically, the nodes need to be linked together 
so that the elements could be recognised as part of a family during the solution.
Figure 5.12 shows the discretised finite element model of the one eighth of the entire 
assembly. The slotted tube consists of 1104 elements. The slotted tube was 
discretised by 31 elements along its modelled length and 32 elements in 
circumference with 2 elements across the thickness. The balloon was modelled as 
one eighth of a cylinder in this model. As the previous model, the balloon was placed 
inside the slotted tube with the outside diameter of the balloon being equal to that of 
the inside diameter of the slotted tube. The balloon as a medium to expand the slotted 
tube was modelled to be 52 mm in length. The outer diameter of the balloon was 23 
mm and the thickness of the balloon was modelled to be 1.2 mm. The balloon was 
modelled using eight node three dimensional explicit dynamic solid brick elements. 
The balloon consists of 3360 elements. It was discretised by 35 elements along its
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length and 32 elements in circumference with 3 elements across the thickness. The 
balloon was discretised in such a way that the density of the mesh was finer towards 
the end of the balloon. The purpose of this meshing was to better capture the bending 
near the end of the balloon. A total of 4464 elements describe the entire model.
Figure 5.12: Finite element model of one eight of the slotted tube
A bi-linear elasto-plastic material model was assumed for the slotted tube material 
model. The material properties of Stainless Steel 304 as used in previous models 
were chosen for this simulation as well. As for the balloon, the material properties of 
a polyurethane rubber type material were used to represent the expanding medium. A 
non-linear analysis approach and a hyperelastic material model were chosen to 
represent the balloon. Although the derived Mooney-Rivlin constants can be used to 
evaluate the Mooney-Rivlin model outside of the range of the experimental data, it 
was thought that it was safer to have enough test data to cover the full range of 
strains that the balloon will experience. Therefore, higher strain ranges of the test 
data were taken to derive a new two parameter Mooney-Rivlin model. Twenty two
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data points were taken from the test data in order to calculate for the Mooney-Rivlin 
constants. A graph of calculated stress-strain data by ANSYS versus the 
experimental stress-strain data was plotted to ensure that the two curves fitted well. 
The graph is shown in Figure 5.13.
Stress (GPa)
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Figure 5.13: ANSYS calculated values versus experimental data
The two Mooney-Rivlin parameter constants were found to be C(10) = 0.103176E-
02 and C(01) = 0.369266E-02. The density of the polyurethane rubber remained 
unchanged i.e. 1.07 x 10“ Kg/mm and the Poisson's ratio was assumed to be 0.495 
[99],
5.2.2 Boundary Condition, Loading and Solution
Only one eighth of the model was developed by taking advantage of the symmetry, 
the slotted tube nodes and the balloon nodes at the symmetry edges were restrained 
in the appropriate directions. That is to say the symmetric boundary conditions were 
imposed on the nodes where all the nodes perpendicular to y-axis were not allowed 
to move in y direction and all the nodes perpendicular to x-axis were not allowed to
103
Chapter 4: Simulation and Analysis
move in x direction. Since only half of the length of the slotted tube and balloon were 
modelled, symmetry constraints were applied to the corresponding nodes in the z 
direction. For modelling purpose, the balloon was assumed to be fully tethered at the 
left hand side and hence only the expansion in radial direction was permitted. An 
automatic surface to surface contact algorithm was chosen for interface modelling as 
large deformation and sliding were expected.
Three different levels of deployment pressures were carried out in these simulations. 
The pressure load was applied as a surface load on the inner surface of the balloon. 
The magnitude of the pressure was deployed in such a way that the geometry of the 
slotted tube will retain its shape after deflation of the balloon. The deployment 
pressure is therefore can be described, as the pressure required achieving plastic 
deformation of the material used. The loading patterns used for these simulations are 
shown in Figure 5.14. The three simulations of the expansion process were carried 
out with pressure loads varying in three stages i.e. pressure increasing, constant 
pressure and pressure decreasing. These three pressure stages were used to simulate 
the inflation and deflation of the balloon. The pressure was held constant for five 
milliseconds in order to give time for the slotted tube material to fully respond to the 
load.
Simulation time (Msec)
♦— Loading curve 1 Loading curve 2 Loading curve 3
Figure 5.14: Three different deployment pressures
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The first simulation of the expansion process was carried out with a pressure load 
increasing from 0 to 2 MPa. The total simulation time was set to be 20 milliseconds. 
The pressure stopped increasing when the simulation time of 10 milliseconds was 
reached. The pressure load was held constant for 5 milliseconds and then unloaded to 
zero pressure in which the simulation time of 20 milliseconds was finally reached. 
The second simulation of the expansion process was run with a pressure load 
increasing from 0 to 2.5 MPa within 10 milliseconds. The subsequent load history 
was just like first simulation, which the load was held constant for 5 milliseconds and 
then slowly reduced to zero pressure. The third simulation of the expansion process 
was carried out with a pressure load increasing from 0 to 2.8 MPa in 10 milliseconds. 
Obviously, this was the highest pressure level amongst the three simulations. Again, 
the pressure load was kept constant for five milliseconds and unloaded to zero 
pressure. The magnitude of the deployment pressures was determined based on the 
yield point and rupture point of the slotted tube material i.e. stainless steel 304. The 
deployment pressures were chosen in such a way that they were strong enough to 
achieve the plastic deformation at the same time without exceeding ultimate tensile 
strength of the slotted tube material.
5.2.3 Result and Discussion
5.2.3.1 Deployment pressure of 2 MPa
Loading curve 1 as can be seen from Figure 5.14 contains the lowest deployment 
pressure. The pressure deployed is just adequate to transform the slotted tube from its 
elastic limit to undergo the plastic deformation. A material is said to be undergone 
plastic deformation when it changes its shape permanently. It has gone through a 
changing phase of the material in which they will not recover to its original shape.
Figure 5.15 shows the slotted tube had experienced the plastic deformation. The 
simulation time at this point was 20 milliseconds. The balloon was totally deflated at 
this point in time but the slotted tube remained its shape after the expansion process. 
The expanded region has stressed considerably with a relatively uniform distribution 
albeit the highest stressed region could still be clearly seen. It is also very obvious 
that the location of the highest stressed region is located at the centre and at the four
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comers of the slots. The maximum stress developed in this region is 272 MPa which 
exceeded the yield point. In comparison with the ultimate tensile strength of the 
material, the slotted tube was stressed only up to 52% of the ultimate tensile stress.
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Figure 5.15: Residual stress in the deformed slotted tube by loading curve 1
Figure 5.16 shows the development of stresses in x, y, z direction and von Mises 
stress in the central node of the slot (node 487) top surface. The stress development 
was steady and relatively stable until the simulation time of 1.2 milliseconds, which 
corresponds to the beginning of the deformation. It can be seen that after the onset of 
deformation that the ratio of the stress in x and y directions was relatively constant in 
agreement with the pressure load which was raised uniformly throughout the 
dilatation process. When the maximum pressure is reached, the stresses remain 
uniform until the balloon starts releasing at the simulation time of 15 milliseconds. 
Apart from the beginning of the expansion process, it is evident from the graph that 
the stresses in x and y directions were always compressive. Nevertheless, this is not
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the case for the stress in z direction as it switched from compression to tensile when 
the balloon was deflating.
ANSYS
S im u la t io n  T im e  (M sec)
Figure 5.16: Development of stresses in node 487
Stresses in x and y directions developed in the same magnitude at the beginning of 
the dilatation process. As the pressure increases, the stress in x direction tends to 
develop quicker than the stress in y direction. This is inevitable, as the slotted tube 
tends to expand from the outer edge to the centre of the slotted tube. Higher stress 
was generated in the x direction as the edge of the slotted tube leaning outwards by 
the expansion of the balloon. The stress in x direction continued to dominant over 
stress in y direction until the balloon was deflated. The stress in z direction was 
always compressive until the deflation of balloon was begun and became tensile as 
soon as the slotted tube experienced a slight elastic recovery due to the material law 
being used. The simulation time at this point was approximately 15.4 milliseconds. 
The change from compression to tensile stress was because the slotted tube had been
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pre-stressed and then released, a spring-back type condition was taking place once 
the pressure was released.
Figure 5.17 shows the equivalent plastic strain for node 487 throughout the 
simulation process. The time history illustrates the four stages in the response. The 
first stage was initial ramp loading as shown in the equivalent plastic strain from zero 
to ten milliseconds. The second stage was steady-state response i.e. from simulation 
time of 10 milliseconds to 15 milliseconds. The third stage was release of pressure 
that was indicated by the descending trend. The last stage was separation of rubber 
balloon from the slotted tube. The balloon was separated from the slotted tube at 
approximate time of 18.4 milliseconds. The time history of the curve was absolutely 
resembled the behaviour of the slotted tube from the beginning of inflation of the 
balloon to the deflation of the balloon.
ANSYS
Figure 5.17: Equivalent plastic strain at node 487
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The four different stages of response during the simulation were detailed in Figure 
5.18 to Figure 5.21. Although only a quarter of the slotted tube was modelled the 
ANSYS post-processor contained a function, which allows duplication of the slotted 
tube at plane of symmetry for better visualisation. The picture was plotted in such a 
way that the four stages of response could be better seen and identified.
Figure 5.18 shows the distribution of stress at maximum deployment pressure. The 
highest stress achieved at that time was approximately 254 MPa. It was noticed that 
the maximum stress was slightly lower (Figure 5.19) when the slotted tube expansion 
process had reached the steady state response. This was due to the fact that the 
material of the slotted tube was responding to the pressure load. The stresses in the 
slotted tube reorganised amongst themselves to achieve the equilibrium state. As the 
pressure was releasing, the von Mises stress increased due to the increased and mode 
switched in the axial stress component. This explained why the stresses were higher 
right after the balloon lost contact with the slotted tube, which was approximately 
277 MPa.
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Figure 5.18: Deformation of the slotted tube by initial ramp loading at time 10 msec
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Figure 5.19: Deformation of the slotted tube in steady state response at 15 msec
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Figure 5.20: Deformation of the slotted tube at simulation time 18.4 msec
Chapter 4: Simulation and Analysis
Figure 5.21 shows the residual stress distribution in the slotted tube when the balloon 
was completely separated from the slotted tube. After the pressure was completely 
deflated, the stress mapping shows higher residual stresses tend to be localised in the 
region at the centre of the slots as well as the comer of the slots. They ranged from 
241 MPa to 272 MPa. This particular point plays an important role when it comes to 
designing a stent. It is also noticed that the stress levels in the end of the slotted tube 
were higher than the centre part of the slotted tube and the body struts when the 
pressure was released. They were within the range of 120 MPa to 151 MPa.
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Figure 5.21: Deformation of the slotted tube at simulation time 20 msec
a) Deployment pressure vs. displacement
The slotted tube deployment pressure can be defined as the pressure required to 
obtain the required diameter after the expansion process. The pressure required to 
expand the slotted tube in this simulation was significantly lower than the other two 
simulations.
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Figure 5.22 shows the magnitude of the slotted tube expansion in radial direction. 
This graph also illustrates the diameter of the slotted tube achieved when the 
maximum deployment pressure is reached. In order to calculate the diameter 
expanded, a node on the inner surface of the meshed slotted tube was taken for 
measuring the displacement in radial direction. The node was located in the edge 
where two symmetrical planes intersected. These two symmetrical planes were plane 
of symmetry parallel to y-axis and xy plane. They were perpendicular to each other.
Deployment Pressure (MPa)
Figure 5.22: Expansion of slotted tube diameter with deployment pressure
The diameter of the slotted tube increased slowly as the pressure increased. The 
graph shows no difference with the past simulations that is the diameter expands 
slowly at the beginning of the dilatation process and then expands at a quicker rate 
when a certain pressure is reached. The maximum radial expansion of the slotted 
tube achieved was approximately 5.5 mm at simulation time of 10 milliseconds. This 
value was taken based on the lowest point of the displacement in radial direction 
where the node was located. The maximum diameter of the slotted tube achieved was
34.02 mm. The slotted tube has expanded up to 48% i.e. approximately 0.5 times 
from its original diameter.
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b) Elastic recoil
Pressure was released to model the deflation of the balloon. This process also enables 
to detect the shrinkage of the slotted tube after the maximum pressure was deployed. 
After releasing the pressure, the diameter of the slotted tube was observed to have 
shrunk compared to the initial ramp loading stage which maximum radial expansion 
was observed at the end of inflation. This reduction in size is referred to as the elastic 
recoil of the slotted tube. The elastic recoil is a result of the elastic and plastic 
deformation of the material.
Figure 5.23 shows the reduction in the slotted tube diameter following the deflation 
of the balloon. The maximum diameter before the pressure was released was 34.09 
mm. The diameter dropped after the pressure was completely released and it was 
found to be 29.94 mm. The slotted tube was calculated to have shrunk 12% from the 
maximum tube diameter obtained during the maximum deployment pressure.
Deployment Pressure (MPa)
Figure 5.23: Elastic recoil of the slotted tube
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c) Slotted tube foreshortening
The slotted tube foreshortening is defined as the contraction of the slotted tube from 
its original length. The foreshortening of the slotted tube was calculated from the 
longitudinal displacements of the node located at the end of the slotted tube.
Figure 5.24 shows the magnitude of foreshortening of the slotted tube with 
simulation time. It is evident form the graph that the amount of foreshortening was 
indirectly proportional to the deployment pressure. As the deployment pressure 
increases the foreshortening also increases. The total amount of foreshortening was 
found to be of 1.345 mm when the maximum pressure was applied. However, the 
foreshortening reduced to only 0.56 mm when the deflation pressure was completed. 
As can be seen from the graph that the foreshortening remained stable as the pressure 
was released. This indicated that the slotted tube material was fully responded to the 
load.
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Figure 5.24: Foreshortening of the slotted tube with simulation time
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Figure 5.25 shows the ultimate geometry of the slotted tube obtained after the 
deflation of the balloon. The slotted tube was found somewhat shorter than the 
original length before expansion. When the pressure was released the foreshortening 
also reduced. The pre-stressed slotted tube during the first phase of expansion 
process allows the stress in z stressed component to spring back. During the spring 
back action, the reduction in foreshortening occurred quicker than when the slotted 
tube was first expanded. The equilibrium state was reached when the balloon was 
separated from the slotted tube. As a result, the foreshortening remained constant and 
the magnitude of the foreshortening at that time was found to be 0.568 mm. The 
percentage of the foreshortening from the original length of the slotted tube after the 
deflation of the balloon was approximately 1.3%.
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Figure 5.25: The geometry of the slotted tube before and after the expansion
5.2.3.2 Deployment Pressure of 2.5 MPa
This simulation was implemented with the intermediate pressure deployment that 
was 2.5 MPa. Load curve 2 as can be seen from Figure 5.14 totally explained the
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load history of the pressure deployed. Figure 5.26 shows the residual stress 
distribution in the deformed slotted tube after deflation of the balloon by loading 
curve 2. The slotted tube experienced the plastic deformation under the deployment 
pressure. As can be seen from the figure that the stresses were well distributed over 
the entire slotted tube. Apart from that the region where the plastic deformation 
occurred was larger compared to the slotted tube under deployment pressure of 2 
MPa. Nevertheless, the region where the maximum stresses occurred was 
considerably small. The higher stressed region had become more concentrated.
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Figure 5.26: Residual stress in the deformed slotted tube by loading curve 2
As can be seen from the figure as well the maximum stressed regions were found 
slightly off the centre of the slots. This is unlike the slotted tube under pressure 
deployment of 2 MPa where the highest stressed regions were evenly distributed 
over the centre of the slots. In spite of the maximum stressed region somewhat off 
the centre of the slots the four comers of the slots remained as the main location 
where the highest stress occurred. The maximum stress developed in this region was
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^
Chapter 4: Simulation and Analysis
approximately 366 MPa. In comparison with the ultimate tensile strength of the 
material, the slotted tube was stressed up to 71% of the value i.e. 19% more than 
deployment pressure of 2MPa.
Figure 5.27 shows the development of stresses in x, y, z direction and von Mises 
stress at node 515 of element 1059. Element 1059 is representative of areas where 
maximum stresses occurred. Owing to the symmetry, other similarly located 
elements in the slotted tube could also yield maximum values very close or greater to 
that of element 1059. The choice of element 1059 was based on the maximum value 
over the total simulation time.
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Figure 5.27: Development of stresses in node 515
The different history of deformation due to different deployment pressure can be 
seen more clearly by observing the development of stress at some nodes in the 
slotted tube. In this case the node 515 was selected since it was the location where 
the maximum stress occurred. It was noticed that the stresses in all three directions 
continued to be in tensile stress state throughout the inflation process. The stress in z
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direction seemed to be developed a lot quicker than the other two directional stresses. 
It is also clearly seen that the influence of deployment pressure dominated the stress 
in z direction, which enormously affected the deformation of the slotted tube. The 
stress in axial direction that initiated the onset of the slotted tube deformation caused 
by the deployment pressure also triggered the yield point of the slotted tube material. 
Different location of node picked gives different information on the amplitude of the 
deformation based on that location. For node 515 the stress in z direction changed in 
mode from tension to compression when the pressure was released. This is unlike the 
selected node in the first simulation, which the stress in z direction changed mode 
from compression to tension when the pressure was released. Therefore it is fair to 
state that the axial stress switches mode either from tension to compression or from 
compression to tension without the interference of the location of the node. Stresses 
in x and y directions developed pretty much in the same magnitude throughout the 
dilatation process except that the stress in y direction settled on the higher stress level 
when the equilibrium state was reached.
Four different stages of response during the simulation of the slotted tube were 
detailed in Figure 5.28 to Figure 5.31. Figure 5.28 shows the distribution of stress at 
maximum deployment pressure by initial ramp loading. The simulation time at that 
time was 10 milliseconds and the pressure was 2.5 MPa. The stress achieved at that 
time was found to be approximately 312 MPa.
Figure 5.29 shows the distribution of stress in the slotted tube when the steady state 
response was reached. The maximum stress achieved at that point of time was 
approximately 349 MPa. Literally, the maximum stress should be obtained when the 
maximum pressure is reached in the initial ramp loading. Somehow, it was noticed 
that the stress kept increasing despite the fact that the maximum deployment pressure 
was reached. The von Mises stress achieved at that time was somewhat lower than in 
the steady state response. This may be due to dynamic effects as the LS-DYNA 
program provides the dynamics (inertia) term of the solution. It is usually difficult to 
reduce the value of inertia to exactly zero. It can, however, be reduced sufficiently to 
give good quasi-static solutions.
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Figure 5.28: Initial ramp loading by deployment pressure 2.5 MPa at time 10 msec
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Figure 5.29: Steady state response of the slotted tube at time 15 msec
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Figure 5.30 shows the residual stress in the slotted tube when the balloon was just 
losing contact with the slotted tube. The simulation time at this point was 18.01 
m illiseconds. As can be noticed that the residual stress at this point o f  time was the 
highest compared to the three other responses. The stress level at this time was 
approximately 388 MPa. A s explained before higher stress level were expected here 
because the stresses were decreased for short period o f  time and then increased again 
as the pressure released due to the mode switched in the axial stress component. 
Once the pressure was released, a spring-back type condition (dynamic) exists 
whereby the slotted tube had been pre-stressed and then released.
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Figure 5.30: Separation o f  the balloon from slotted tube at time 18.01 m sec
Figure 5.31 shows the residual stress in the slotted tube when deploying pressure was 
released to zero. The slotted tube was once again reached its equilibrium state when 
the balloon was com pletely separated from the slotted tube. This time the 
deployment pressure no longer affected the deformation o f  the slotted tube. The 
material o f  the slotted tube was fully responded to the deploying pressure and 
experienced plastic deformation. The highest residual stress remained in the slotted
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tube at this stage was ranging from 326 MPa to 367 MPa. Once again, the higher 
stress regions were noticed to be located at the centre o f  the slots as w ell as the 
corner o f  the slots. One particular point was noticed different from the deployment 
pressure o f  2 MPa was that the stress level at the end o f  the slotted tube was found 
lower than the centre part or the body strut o f  the slotted tube. This is unlike the 
lower deployment pressure whereby the stress level was rather higher near the ends 
o f  the slotted tube.
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Figure 5.31: Deformation o f  the slotted tube at simulation time 20 msec
a) Deployment pressure vs. displacement
Figure 5.32 shows the magnitude o f  the slotted tube expansion in radial direction 
under deployment pressure o f  2.5 MPa. This graph shows the expansion o f  slotted 
tube diameter with the deployment pressure in which greater deployment pressure 
generates greater diameter. It is noticed that the slotted tube expanded its diameter in 
radial direction at a faster rate after 2 MPa. The slotted tube diameter experienced a 
m assive expansion considering that only an extra deployment pressure o f  0.5 MPa 
was added on top o f  that 2 MPa. Therefore, it is fair to say that only a small
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increment o f  deployment pressure is needed to achieve a m assive increment in 
slotted tube diameter. The maximum radial expansion o f  the slotted tube achieved  
under this simulation was approximately 17.11 mm, which gives a total o f  57.27 mm  
in diameter. In short, the slotted tube has expanded up to 149% i.e. 1.5 times from its 
original diameter.
Deployment Pressure (MPa)
Figure 5.32: Expansion o f  slotted tube with deployment pressure
b) Elastic Recoil
Figure 5.33 shows the elastic recovery o f  the slotted tube when the pressure is 
released. The diameter o f  the slotted tube before releasing the pressure was 57.27  
mm. The diameter o f  the slotted tube after the pressure was released was found to be 
45.87 mm. The slotted tube diameter was noticed to have shrunk by 20% from the 
diameter obtained during the maximum deployment pressure. In spite o f  obtaining 
the higher expansion rate, it is noted that the slotted tube under this deployment 
pressure has shrunk 8% more in comparison with the first simulation. However, the 
magnitude o f  elastic recovery always develops at a slower rate in the beginning o f  
the deflation process.
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Figure 5.33: Elastic recoil o f  the slotted tube
c) Slotted tube foreshortening
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Figure 5.34: Foreshortening of the slotted tube with simulation time
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Figure 5.34 illustrates the magnitude o f  foreshortening with simulation time. A s can 
be seen from the graph that the foreshortening increases with time during the 
inflation process but decreases with time during the deflation process. As expected  
the foreshortening develops slow ly at the onset o f  the dilatation process. It soon 
develops sw iftly as the pressure increases. The m axim um  amount o f  foreshortening 
achieved resulting from the maximum deployment pressure was found to be 5.176  
m m . However, the magnitude o f  foreshortening reduced to only 1.17 mm when the 
balloon was deflated. The percentage o f  foreshortening from the original length o f  
the slotted tube after the deflation o f  the balloon was approximately 2.7%.
Figure 5.35 shows the ultimate geometry o f  the slotted tube obtained when the 
balloon was com pletely deflated. The regions o f  plastically deformed are more 
uniform even though the distinct local plastic deformation can be observed m ostly  
along the edges o f  the body struts. Comparing to the lower deployment pressure it 
was found that the geometry o f  the slotted tube here was more uniformly expanded 
after the balloon was deflated. The end o f  the slotted tube tended to recover more 
resulting the slotted tube end leaning towards the inner direction o f  the tube.
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Figure 5.35: The geometry of the slotted tube before and after the expansion
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5.2.33 D eploym ent pressure o f 2.8 M Pa
This simulation was implemented with the highest deployment pressure i.e. 2.8 MPa. 
It was believed from the tested simulation that this deployment pressure could  
expand the slotted tube to its ultimate limits just before failure from the slotted tube 
material. Load curve 3 from Figure 5.14 explains the load history o f  the pressure 
deployed. Figure 5.36 shows the residual stress distribution in the deformed slotted 
tube after deflation o f  the balloon by loading curve 3. Apart from the obvious 
geometry changes o f  the slotted tube compared to the previous two lower 
deployment pressures, the slotted tube experienced a rather uniform plastic 
deformation over the entire body o f  the slotted tube. The location o f  the highest 
stressed regions does not change despite the changes in the final deformation o f  the 
slotted tube.
Figure 5.36: Residual stress in the deformed slotted tube by loading curve 3
Like deployment pressure o f  2.5 MPa, the distribution o f  highest stressed region was 
found slightly o f f  the centre o f  the slots. There was no alteration in the location o f
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higher stressed region except that the stress level in this region was much higher. The 
maximum stress developed in this region was approximately 460 MPa. The slotted 
tube was stressed up to 89% o f  the ultimate tensile strength o f  the material i.e. 37% 
more than deployment pressure o f  2 MPa.
Figure 5.37 shows the development o f  stresses in x, y, z direction and von M ises 
stress at node 675 o f  elem ent 811. Element 811 in this case is representative o f  areas 
where maximum stresses occurred over the total simulation time. The history o f  
stress development due to different node location in this simulation was obviously  
different from the previous simulations. First, the stress in z direction increased in the 
compressive manner and decreased again before it reached the steady state response.
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Figure 5.37: Developm ent o f  stresses in node 675
This indicates that the axial compressive stress had becom e smaller that leading to 
the mode switch from compression to tension despite the increment in deployment 
pressure. If any component stress that undergoes mode switch, the relevant location  
o f  the structure w ill first go through the alteration i.e. compression to tension. This is
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obvious when the stress in x and y direction switched from compression to tensile 
stress before the pressure was released. Nevertheless, the axial stress still dominates 
over the other two directional stresses. During the deflation process the stress in axial 
direction continued to switch from compressive to tensile stress. Releasing the 
pressure quickly w ill cause oscillation in the von M ises stress. One way o f  
preventing this is to add system  damping to the simulation. As can be seen from the 
figure, oscillation o f  the von M ises stress was reduced to the desired quasi-static 
value when system damping was added. Stresses in x and y  direction decreased for a 
short period o f  time at the beginning o f  the deflation. A s the deflation continued, the 
stresses continued to increase and then decrease again before it settled down in the 
tensile mode.
Figure 5.38 to Figure 5.39 detail the four different stages o f  response during the 
simulation o f  the slotted tube by load curve 3. Figure 5.38 shows the distribution o f  
stress at maximum deployment pressure by the initial ramp loading. The simulation 
time was at 10 m illiseconds and the stress generated at that time was approximately 
423 MPa. Obviously, the stress achieved here was higher than the previous two  
lower deployment pressures. The stress was found to have increased by 4.5% when 
the steady state response was reached as shown in Figure 5.39.
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Figure 5.38: Initial ramp loading by deployment pressure of 2.8 MPa at time 10 msec
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The small increment o f  stress engendered here was nothing but due to the dynamics 
effect. Basically, the material o f  the slotted tube was given time to fully respond 
itself to the load. W hen the material was responded to the applying deployment 
pressure, the von M ises stress was also settled down to a constant stress level. One 
obvious point to be recognised when the equilibrium state was achieved is the stress 
distribution in the balloon. The stress contour shown in Figure 5.39 indicates that 
there was no erratic stress pattern in the region near the end o f  the balloon. The 
erratic stress pattern seem ed to have been improved when the equilibrium was 
reached.
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Figure 5.39: Steady state response o f  the slotted tube at time 15 m sec
Figure 5.40 shows the von M ises stress distribution in the slotted tube when the 
balloon was separated from the tube. The stress at this point o f  time was 485 MPa. 
A s explained before, the increment o f  stress at this stage was purely because o f  the 
recovery action o f  the slotted tube. The recovering action continued to take its time 
to reach the equilibrium state as the balloon was deflating. As the balloon was 
com pletely deflated from the slotted tube, the slotted tube is now  reached the final 
deformation as shown in Figure 5.41. The maximum residual stress at this point was 
460 MPa.
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Figure 5.40: Separation o f  the balloon from the slotted tube at time 17.8 msec
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Figure 5.41: Deformation of the slotted tube at simulation time 20 msec
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a) Deployment pressure vs. displacement
Figure 5.42 shows the magnitude o f  the slotted tube expansion in radial direction 
under deployment pressure o f  2.8 MPa. The diameter o f  the slotted tube increased 
slow ly as the pressure increased. However, it was noticed that the diameter expanded 
in a quicker rate when the deployment pressure o f  2 MPa was reached. This shows 
an agreement with the magnitude o f  the diameter expanded as in the previous 
simulation i.e. 2.5 MPa. Therefore, a conclusion can be drawn in which any 
deployment pressure higher than 2 MPa w ill result in higher rate o f  radial expansion. 
Since the slotted tube expansion is a volum e controlled process, it might as w ell to 
say that less pressure is required to expand the slotted tube when a certain level o f  
expansion is reached. This information is particularly useful and important as the 
excessive deployment pressure even with a slight increment may result in a failure o f  
the slotted tube.
The maximum radial expansion o f  the slotted tube achieved in this simulation was
25.7 mm. This gives a total o f  74.4 mm in diameter at maximum pressure 
deployment. In this case, the slotted tube has expanded up to 224% i.e. 
approximately two and a quarter times from its original diameter.
Deployment Pressure (MPa)
Figure 5.42: Expansion of slotted tube diameter with deployment pressure
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b) Elastic recoil
Figure 5.43 shows the elastic recovery o f  the slotted tube when the pressure is 
released. The diameter o f  the slotted tube before releasing the pressure was 74.4 mm. 
The diameter o f  the slotted tube after releasing the pressure was found to be 63.17 
mm. The slotted tube diameter was therefore to have shrunk 15% from the diameter 
obtained during the maximum deployment pressure. This is interesting because it 
was initially thought that the slotted tube could have shrunk more since higher 
pressure was deployed. However, it was soon found out that the location o f  the node 
selected did not represent the area where maximum shrinkage was occurred. The 
ultimate deformation caused by  the different level o f  deployment pressures had 
affected the final structure o f  the slotted tube when the balloon was deflated. In the 
first simulation, the slotted tube experienced the maximum elastic recovery in the 
centre part o f  the structure. However, this is not the case as the maximum elastic 
recovery occurred in this simulation was found to be located at the ends o f  the slotted 
tube. A s a result, the magnitude o f  shrinkage in the middle part o f  the slotted tube 
was less than the shrinkage at the end o f  the slotted tube.
Deployment Pressure (MPa)
Figure 5.43: Elastic recoil of the slotted tube
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c) Slotted tube foreshortening
Figure 5.44 illustrates the magnitude o f  foreshortening with simulation time by load  
curve 3. A s previous two simulations, the foreshortening in this simulation increases 
with time during the inflation process and decreases with time during the deflation 
process. The total amount o f  foreshortening was found to be 8.29 mm at maximum  
pressure deployment i.e. 2.8 MPa. The amount o f  foreshortening reduced to 1.97 mm  
when the balloon was com pletely deflated. The reduction o f  the foreshortening was 
because o f  the increased and mode switch in the z stress component. The percentage 
o f  foreshortening from the original length o f  the slotted tube after the deflation o f  the 
balloon was approximately 4.5%.
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Figure 5.44: Foreshortening o f  the slotted tube with simulation time
Figure 5.45 shows the geometry o f  the slotted tube before and after the expansion 
when the balloon was deflated. It is noticed that the ultimate deformation o f  the 
slotted tube was not as uniform as in second simulation despite the higher expansion
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in radial direction w as obtained. The structure o f  the slotted tube was found to have 
bended more especially approaching the end o f  the slotted tube. The slotted tube was 
bending towards the inner direction o f  the tube. Highest residual stress area could 
still be clearly seen that is located at the com er o f  the slots. The low est residual stress 
area was also spotted to have located near the middle o f  the bridging struts at the end 
o f  the slotted tube.
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Figure 5.45: The geometry o f  the slotted tube before and after the expansion
5.3 Analysis of Balloon Length on Slotted Tube Expansion
The combination o f  inflation pressure and balloon size is believed to have affect on 
the vessel-w all damage and m ay represent a factor influencing restenosis following  
balloon angioplasty [105]. It is understood from the previous simulations that the 
deployment pressure could affect the uniformity o f  the ultimate structure o f  the 
slotted tube. Therefore, this section is concerned with investigating the influence o f  
the balloon length on the slotted tube expansion.
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5.3.1 Modelling
The m odel utilised in this section was identical to that o f  section 4.3 except different 
balloon lengths were m odelled. The length o f  the balloon was m odified in such a 
w ay that magnitude o f  the deformation o f  the slotted tube could be clearly observed 
and the different range o f  the deformation could be covered. The same geometry o f  
the slotted tube w as utilised in this simulation (i.e. 25.4 mm outer diameter and 23 
mm inner diameter with 86.8 mm in length). The slotted tube was m eshed with eight 
node explicit solid brick elements and material properties o f  Stainless Steel 304 were 
used. A  bi-linear elasto-plastic material m odel was assumed for the slotted tube 
material.
The thickness o f  the balloon remained the same as previous section i.e. 1.2 mm with 
23 m m  for the outer diameter o f  the balloon. A  hyperelastic material m odel was 
chosen to represent the balloon. A  tw o parameter M ooney-Rivlin m odel with 
constants C(10) =  0 .1 0 3 176E-02 and C (01) =  0.369266E-02 was used for all three 
simulations. The material properties o f  the balloon remained unchanged (i.e. 
polyurethane rubber).
Figure 5.46: One eight o f  the finite element model with balloon length equal to 52 mm
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Figure 5.46 shows the finite element m odel o f  one eighth o f  the slotted tube and the 
balloon. The length o f  the balloon used here was 104 mm, which was 17.2 mm  
longer than the slotted tube. The balloon consists o f  3360 elements. It was discretised 
by 35 elem ents along its length and 32 elem ents in circumference with 3 elements 
across the thickness. A  total o f  4464 elem ents describe the entire m odel in this 
simulation.
ANSY5
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Figure 5.47: One eight o f  the finite elem ent m odel with balloon length equal to 57 mm
Figure 5.47 shows the finite element m odel o f  one eighth o f  the slotted tube and the 
balloon for second simulation. The length o f  the balloon utilised here w as 114 mm  
i.e. 27.2 mm longer than the slotted tube. The length o f  the balloon used in this 
simulation was 10 m m  longer than the first model. The balloon consists o f  3648 
elements. It was discretised by 38 elem ents along its length and 32 elem ents in 
circumference with 3 elements across the thickness. A  total o f  4752 elements 
describe the entire model.
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Figure 5.48 shows the finite element m odel o f  one eight o f  the slotted tube and the 
balloon for the third simulation. The balloon m odelled here was the longest amongst 
those three simulations. The length o f  the balloon used was 124 mm i.e. 10 mm  
longer than the second simulation. The length o f  the balloon exposed from the end o f  
the slotted tube was therefore equal to 18.6 mm. The balloon consists o f  3840 
elements. The balloon was discretised by 40 elements along its length and 32 
elements in circumference with 3 elements across the thickness.
B a llo o n  = 40 x 32 x 3 e le m e n ts  an d  L e n g th  = 62 mm
ANSYS
Figure 5.48: One eight o f  the finite elem ent m odel with balloon length equal to 62 mm
5.3.2 Boundary Condition, Loading and Solution
The same boundary condition was applied to the slotted tube and the balloon as in 
previous section. Symmetric boundary conditions were im posed on the appropriate 
nodes at the symmetry edges. Three different levels o f  deployment pressure were 
used in these simulations. A  different level o f  deployment pressures was applied on 
each the different m odels o f  different length o f  the balloon. The level o f  deployment 
pressure was applied in such a w ay that the slotted tube could reach a certain level o f  
expansion.
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Figure 5.49: Loading curves
The first simulation o f  the expansion process was carried out on a balloon length 
equal to 52 mm with a pressure load increasing from 0 to 2.8 MPa. Loading curve 1 
in Figure 5.49 describes the load history o f  the simulation process. The total 
simulation time was set to be 17.5 m illiseconds. The load increased from 0 to 10 
m illiseconds and then held constant for 2.5 m illiseconds and finally reduced to zero 
at 17.5 m illiseconds.
■Loading curve 1
10 15
Simulation Time (Msec)
—« — Loading curve 2 Loading curve 3
The second simulation o f  the expansion process was carried out on a balloon length 
equal to 57 mm with a pressure load increasing from 0 to 2.6 MPa. Loading curve 2 
in Figure 5.49 describes the load history o f  this simulation process. A s in first 
simulation the load here was held constant for 2.5 m illiseconds when the maximum  
pressure was reached. The load was gradually decreased to zero during the 
simulation time 12.5 to 17.5 m illiseconds.
The third simulation o f  the expansion process was carried out on a balloon length 
equal to 62 mm with a pressure load increasing from 0 to 2.5 MPa. Again, the load 
history o f  this simulation process is described by loading curve 3 in Figure 5.49.
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5.3.3 Result and Discussion
5.3.3.1 Stress analysis
Figure 5.50 shows the development o f  von M ises stress for each o f  the slotted tube 
with different length o f  balloon models. The graph was plotted from a node that 
represented the location o f  the maximum stresses that occurred over the total 
simulation time. The graph also shows that the von M ises stress in the node 
developed steadily over the simulation period. It can be seen from the graph that the 
slotted tube experienced plastic deformation at the earliest stage under the longest 
balloon (i.e. 62mm). The simulation time at this stage was approximately 1.4 
m illiseconds. This is unlike the 52 mm and 57 mm length balloon, which the slotted 
tube only begun to experience plastic deformation during the simulation time o f  2 
and 2.275 m illiseconds respectively. Nevertheless, the stress in the slotted tube for 52 
mm and 62 mm length balloons was very m uch on the same level when the steady 
state response was reached. The von M ises stress for the 52 mm and 62 mm length 
balloon at this point o f  time was approximately 441 MPa and 440 M Pa respectively.
However, this was not the case for the 57 m m  length balloon in which the stress 
settled slightly lower than the other two simulations. The stress in the slotted tube for 
this balloon length at this point o f  time was approximately 427 MPa. The magnitude 
o f  stresses in the slotted tube for 52 mm and 57 m m  length balloons developed pretty 
much at the same rate during the deflation process except that the slotted tube 
resolved on a higher stress level for the 52 mm long balloon when the zero pressure 
was reached. A s can be noticed from the graph as w ell that there is a sudden 
dropping o f  von M ises stresses which then increasing again during the deflation  
process. The sudden dropping o f  the von M ises stresses at the beginning o f  the 
deflation process w as because the pressure dropped. The von M ises stresses 
increased again as the pressure continued to drop. This was due to the elastic 
recovery and the m ode switch in the axial stress component either from tension to 
compression or from compression to tension depending on the location o f  the node. 
A s can be seen from the graph, the stresses were damped down to minimum in order 
to avoid a dynamic effect after the separation o f  the balloon from the slotted tube.
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Figure 5.50: Developm ent o f  stress at maximum stressed node
Figure 5.51 to Figure 5.53 show the residual stress in the slotted tube for 52 mm, 57 
mm and 62 mm long balloon respectively when the deploying pressure was released 
to zero. The m aximum residual stress remaining in the slotted tube at that point o f  
time was approximately 461 MPa for 52 mm, 452 MPa for 57 mm and 477 MPa for 
62 mm respectively. The residual stress generated from the 52 mm length balloon  
was not as high as the 62 mm length balloon despite this being where the highest 
pressure was deployed. The maximum residual stress in the slotted tube for 57 mm  
length balloon was the low est compared to the other two balloon lengths. Flowever, 
the regions o f  highest stress were found to be located in similar places regardless o f  
the balloon length being used (they were located at the four comers o f  the slot). 
Some locations o f  high stress were also noticed on the other side o f  the slot comer 
i.e. between the centres o f  the slots.
The reason o f  the higher residual stress level in the slotted tube for 62 mm length 
balloon was thought to be because o f  over-expansion during the dilatation process. 
The end o f  the balloon expanded more, which forced the end o f  the slotted tube 
structure to stretch more as well. Owing to the material properties o f  the balloon,
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which is softer compared to the material properties o f  the slotted tube, longer balloon 
length means that lower deployment pressure was needed to induce an expansion.
ANSYS
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Figure 5.51: Deformation o f  the slotted tube after deflation by 52 mm balloon
Figure 5.52: Deformation of the slotted tube after deflation by 57 mm balloon
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Figure 5.53: Deformation o f  the slotted tube after deflation by 62 mm balloon
5 .3 .3 .2  D e p lo y m e n t  p r e s s u r e  v s . d is p la c e m e n t
Figure 5.54 shows the magnitude o f  the slotted tube expansion in radial direction at 
maximum deployment pressure for the 52 mm, 57 mm and 62 mm balloon length 
respectively. The radial displacement measured was based on the central part o f  the 
slotted tube. Therefore, the displacement calculated was evaluated according to the 
diameter changes in vertical central axis o f  the slotted tube. It can be seen from graph 
that the displacement developed smoothly as expected at the beginning o f  the 
dilatation process and begun to pick up at a faster rate when the deployment pressure 
o f  2 MPa was reached. The trends o f  the graph for the 57 mm and 62 mm length 
balloon follow  closely  to each other. This indicates that it is not affected much by 
length o f  the balloon utilised. This fact is only true i f  the measurement is taken from 
the central part o f  the slotted tube. The magnitude o f  the displacement would have 
been different i f  the measurement is taken from the end o f  the slotted tube. This is 
due to the excessive bulging at the end o f  the slotted tube in the 62 mm length 
balloon which resulted in the higher radial expansion. The maximum central 
diameter o f  the slotted tube achieved at maximum deployment pressure for the 57
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mm and 62 mm length balloon was approximately 70.8 m m  and 70.0 mm
respectively.
Deployment Pressure (MPa)
—♦— Balloon = 52 mm —■— Balloon = 57 mm Balloon = 62 mm
Figure 5.54: Expansion o f  slotted tube diameter with deployment pressure
The maximum central diameter o f  the slotted tube achieved at maximum deployment 
pressure for the 52 mm length balloon was 74.4 mm. This is the highest expansion 
amongst the three different lengths o f  the balloon. A  measurement was taken on the 
radial expansion at the end o f  the slotted tube since it bended towards the inner 
direction that could result in lower displacement. It was found that the diameter at the 
end o f  the slotted tube was still higher than the central diameter obtained from the 57 
mm and 62 mm length balloon. The diameter measured from the end o f  the slotted 
tube at maximum exerted pressure for the 52 mm balloon length was approximately
72.2 mm.
5.3.3.3 Elastic recoil
The elastic recovery is referred to the reduction in size o f  the slotted tube as 
explained in the previous section. The elastic recoil is a result o f  the elastic and 
plastic deformation o f  the material. The elastic unload occurred simultaneously with  
the deflation o f  the balloon since the expansion mechanism was based on the elastic- 
plastic behaviour o f  the stainless steel. The structure o f  the slotted tube that had not
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experienced plastic deformation w ill go through the reversible process in which case 
it w ill play a part as the dragging force to force the structure back to its initial state.
Deployment Pressure (MPa)
Balloon 52 mm — Balloon 57 mm Balloon 62 mm
Figure 5.55: Elastic recoil o f  the slotted tube
Figure 5.55 shows the reduction in the slotted tubes diameter follow ing the deflation 
o f  the balloons. It can be noticed from the graph that the elastic recovery o f  the 
slotted tube for the 57 mm and 62 m m  length balloon fits closely  to each other 
despite the fact that there was a 5 mm difference in the length o f  the balloon. The 
graph also shows that there was a big gap between the 52 m m  balloon length and the 
other two lengths o f  the balloon despite the fact that there was also a 5 mm  
difference between these. The central diameter o f  the slotted tubes after the pressure 
was released was found to be 63.2 mm, 59.1 mm and 58.3 mm for balloon lengths 52 
mm, 57mm and 62 m m  respectively. For 52 mm balloon, the slotted tube diameter 
was noticed to have shrunk 15% from the diameter obtained during the maximum  
pressure. The slotted tubes for 57 mm and 62 m m  were also shrunk by 16.5% and 
16.8% respectively. From this results, it is fair to say that i f  57 mm balloon is the 
standard length then 5 mm increment o f  the balloon length makes not much 
difference compared to 5 mm decrement o f  the length o f  the balloon.
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5.3.3.4 Foreshortening
Figure 5.56 illustrates the magnitude o f  foreshortening in the slotted tubes with 
simulation time by three different balloon lengths. The negative values indicate the 
length that the slotted tube shortened. It is obvious that the slotted tube experienced 
the maximum foreshortening by 62 mm long balloon. The total amount o f  
foreshortening in this case was found to be 10.3 mm at maximum pressure load. The 
amount o f  foreshortening reduced to 2.8 mm when the balloon was completely 
deflated. It was also noticed from the graph that the way foreshortening developed in 
the slotted tube was very similar to each other irrespective o f  the different lengths 
used.
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Figure 5.56: Foreshortening o f  the slotted tube with simulation time
The foreshortening developed slow ly  at the beginning o f  the dilatation process and 
then picked up gradually as the expansion continued. The foreshortening reached the 
m aximum value and remained constant during the steady state response. The 
foreshortening for the case o f  the 52 mm and 57 mm length balloon were found to be
8.3 mm and 9.0 respectively at steady state response. The foreshortening decreased 
as the pressure decreased. However, the reduction in length o f  the slotted tube for the
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57 mm balloon length was more than the 52 mm balloon length when the balloon 
was com pletely deflated. These were 2.23 mm and 1.98 mm respectively. The 
percentage o f  foreshortening from the original length o f  the slotted tube after the 
deflation o f  the balloons was 4.5%, 5.1% and 6.5%. So, the amount o f  foreshortening 
for the 62 mm length balloon was approximately twice as high as the foreshortening 
for the 57 m m  length balloon compared to the 52 mm length balloon despite the fact 
that there was five millimetres length difference between them.
5.3.3.5 Uniformity of the slotted tube
Figure 5.57 to Figure 5.59 detailed the ultimate deformation o f  the slotted tubes for 
52 mm, 57m m  and 62 mm balloon when the balloons were deflated. The figures also 
show the slotted tubes geometry before and after the expansion. The effect o f  the 
balloon length on the expansion characteristics o f  the slotted tube is very obvious 
whereby the deformation o f  the slotted tube behaves in the very different w ay  
especially in the vicinity o f  the slotted tube end.
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Figure 5.57: Slotted tube geometry before and after the expansion for 52 mm balloon
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A s can be seen from Figure 5.57 the slotted tube does not look very flat. The end o f  
the slotted tube tended to bend towards the inner direction. The diameter at the end 
o f  this slotted tube was found to be 58.1 mm, which was 5.1 m m  less than its central 
diameter. In spite o f  the fact that the diagram in Figure 5.57 does not look very 
uniform, the percentage difference between the central diameter and the end diameter 
o f  the slotted tube is only 8.1%.
The diagram in Figure 5.58 shows the m ost uniform expansion o f  the slotted tube. 
The slotted tube here was expanded using the balloon o f  57 mm in length. The 
diameter at the end o f  the tube w as measured and it was found to be nearly equal to 
the diameter obtained from the centre o f  the slotted tube. The diameter at the end o f  
the slotted tube was 59.7 mm. Comparing to the diameter obtained at the central part 
o f  the slotted tube (i.e. 59.1 m m), the difference between them was only 0.6 mm. 
Therefore, the slotted tube under the 57 mm length balloon results in only 1% 
difference between the central diameter and the end diameter.
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Figure 5.58: Slotted tube geometry before and after the expansion for 57 mm balloon
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The diagram in Figure 5.59 shown the slotted tube for the 62 mm length balloon did 
not produce a flat tube either. This simulation showed that the balloon used was too 
long and caused excessive bending at the end o f  the slotted tube. The diameter at the 
end o f  the slotted tube for the 62 m m  length balloon was 64.2 m m  and it was 5.9 mm  
higher than the central diameter. The percentage difference between them was 
approximately 10.1%. This shows that the slotted tube under the 62 mm length 
balloon was the least uniform.
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Figure 5.59: Slotted tube geometry before and after the expansion for 62 m m  balloon
5.4 Analysis of Friction on Slotted Tube Expansion
Friction is another important factor that needs to be studied. It is thought that the 
friction could somewhat effect the foreshortening o f  the slotted tube expansion. 
However, detail studies need to be done in order to differentiate the differences. This 
section w ill detail the effect o f  static friction between the slotted tube and the balloon 
on the expansion process. The effect o f  varying the friction between the balloon and
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the slotted was investigated by carrying out three simulations. The friction factors 
used for these three simulations were 0, 0.15 and 0.3 respectively. The exact value o f  
friction is very difficult to calculate and determine. Therefore, a w ide range o f  
friction factors was chosen here to ensure that all the possibilities were included.
5.4.1 M odelling and L oading
The m odel used in these simulations was taken from the previous section i.e. a 
stainless steel slotted tube o f  25.4 mm outer diameter and 23 mm inner diameter with 
86.8 mm in length. The length o f  the balloon used was 57 mm. The fact that this 
m odel was chosen was because o f  the ultimate structure or the geometry o f  the 
slotted tube obtained in previous simulation was rather uniform. Each simulation 
used the same loading pattern. The loading pattern that used are as illustrated in 
loading curve 2 in Figure 5.49. The loading curve increases from 0 to 2.6 MPa within 
10 m illiseconds and it is held constant for 5 m illiseconds before it decreases back to 
zero pressure load again.
5.4.2 R esult and D iscussion
5.4.2.1 Stress analysis
Figure 5.60 shows the developm ent o f  von M ises for each o f  the slotted tube with 
different friction factors. The node was picked from the friction free model based on 
the location where the maximum stress occurred in the slotted tube. Although the 
location o f  the maximum stressed node for simulations with friction might not be 
identical to that o f  frictionless simulation, the same node was plotted for the 
simulations with friction factors 0.15 and 0.3 to make a fair comparison amongst 
them.
It can be seen from the graph that the development o f  the von M ises stresses 
developed steadily and identically as the pressure increased. The slotted tube with no 
friction included seem ed to be departed at the higher level o f  stress compared from 
the plots for friction factors o f  0.15 and 0.3, as it developed towards the steady state 
response. It was noticed that the stress generated did not vary very much despite the 
fact that the friction factor used in third simulation was tw ice as high as the second
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simulation. This indicates that stresses are not significantly affected during slotted 
tube expansion.
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Figure 5.60: Development o f  stress at maximum stressed node
As the deflation process began, the von M ises stress for friction free m odel tended to 
converge and developed sim ultaneously with the other two higher friction factors. It 
is known from the knowledge gained in previous simulations that the sudden drop 
and rise o f  the von M ises stress was because o f  the pressure drop follow ed by the 
elastic recovery due to the m ode switch in axial stress component. A s soon as the 
stress in axial stress component increased at a slower rate the differences in von 
M ises stress for the friction free m odel becom e more prominent again compared to 
the simulations with friction included.
At the end o f  the simulation in which the balloon was com pletely deflated the 
residual stresses in that particular node for the three simulations were found to be
429.1 MPa, 413.7 MPa and 411.4  M Pa respectively. It did not vary very much 
amongst the simulations with friction, only to the order o f  1%. Som ehow, it seemed
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that friction does affect the stress but not as much as in the friction free case. This 
concludes that friction has a little affect on the stress generated and the affect is even  
smaller with increasing friction when the same location is considered.
Figure 5.61 to Figure 5.63 show the maximum residual stress in the slotted tube for 
friction factors o f  0, 0.15 and 0.3 respectively when the balloon was deflated. The 
level o f  friction between the balloon and the slotted tube influenced the stress level 
o f  the slotted tube. The m aximum stress in each case varied between 416.9 MPa and
452.3 MPa with the level decreasing with increasing friction. It was noticed that the 
highest stressed areas becam e more perceptible with increasing friction despite the 
fact that the level o f  stress generated decreasing with friction. However, the location 
o f  the highest stressed regions did not change but remained in the comers and the 
middle o f  the slots junctions.
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Figure 5.61: Residual stress in the slotted tube for friction factor of 0
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Figure 5.62: Residual stress in the slotted tube for friction factor o f  0.15
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Figure 5.63: Residual stress in the slotted tube for friction factor of 0.3
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5.4.2.2 D eploym en t pressure vs. d isplacem ent
Figure 5.64 shows the magnitude o f  the slotted tube expansion in the radial direction 
at maximum deployment pressure for friction factors o f  0, 0.15 and 3 respectively. 
The graph shows the slotted tube diameter expanded consistently irrespective o f  the 
friction factors. The level o f  expansion could hardly be detected until the end o f  
maximum deployment pressure. The maximum diameter in the central part o f  the 
slotted tube did not vary a lot. It varied between 67 mm and 70.7 mm with the level 
decreasing with increasing friction. With the same level o f  deployment pressure the 
diameter achieved for the higher friction factors was not as high as the friction free. 
The stress and the radial expansion can be related in which the lower stress in the 
slotted tube for the case o f  friction included is due to the lower level o f  expansion.
Deployment Pressure (MPa)
—♦— Friction = 0 —* — Friction = 0.15 Friction = 0.3
Figure 5.64: Expansion o f  slotted tube diameter with deployment pressure
5.4.2.3 E lastic recoil
Figure 5.65 shows the reduction o f  the slotted tubes diameter follow ing the deflation 
o f  the balloons. The differences in slotted tube diameter were slow ly changed during 
the inflation process (Figure 5.64) but it decreased in parallel throughout the course 
o f  deflation process as shown in Figure 5.65. The central diameter o f  the tube for the 
friction free simulation shrunk to 59.1 mm when the pressure was released to 0 MPa. 
The central diameter o f  the slotted tube was found to be equal to 57.4 mm and 56.0
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mm when the friction factor o f  0.15 and 0.3 were added. The ratio o f  the diameter 
differences was almost equal to the ratio o f  the friction simulated. Again, the elastic 
recoil decreased with increasing friction. However, the total discrepancy between the 
three cases was not significant: approximately 5.2 % difference.
Deployment Pressure (MPa)
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Figure 5.65: Elastic recoil o f  the slotted tube
5.4.2.4 F oreshortening
Figure 5.66 illustrates the magnitude o f  foreshortening in the slotted tubes with 
simulation time, by the friction factors o f  0, 0.15 and 0.3 respectively. The length o f  
the slotted tube was shortened more in the case o f  friction free. It had shortened by 
2.23 mm when the balloon was deflated. The slotted tube seem ed to be experiencing 
less foreshortening with the friction factor up to 0.15. The effect o f  the friction 
factors within the range o f  0 to 0.15 seem ed to have more influence on the 
foreshortening o f  the slotted tube. The subsequent foreshortening decreased with 
decreasing rate when friction factors between 0.15 and 0.3 were utilised. The total 
length o f  the slotted tube shortening was found to be 1.57 mm and 1.24 mm  
respectively for the case o f  friction factors equal to 0.15 and 0.3. The slotted tube for 
the friction free case had shortened 1.6 % more than for the case where a friction 
factor o f  0.15 was used. Apart from that, the slotted tube for friction factor o f  0.3 
shortened by 0.8 % more compared to the friction factor o f  0.15. Therefore, the result 
o f  friction for the first 0.15 value o f  friction factor is almost twice as effective as the
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subsequent 0.15 value o f  friction factor. A n ideal stent should not have 
foreshortenings more than 5 % [69] as the accurate placing and deployment o f  the 
stent would not be compromised. Although the percentage differences in 
foreshortening o f  the slotted tube with and without friction is very low , it is very 
important to consider the friction when it com es to the design o f  a real stent as the 
increment o f  friction could reduce the foreshortening o f  the stent.
Simulation Time (Msec)
Friction = 0 -----Friction = 0.15 Friction = 0.3
Figure 5.66: Foreshortening o f  the slotted tube with simulation time
5.5 Analysis of Scaling the Slotted Tube Size
Understanding the size-related development o f  geometry in slotted tube stent should 
give a rough idea about the outcome o f  on e’s specim en without experimental testing. 
It is w idely known that to conduct an experimental test on a stent is expensive. It is 
not only the price o f  the stent itse lf but also the cost o f  setting up the experimental 
devices. I f the geom etry o f  a real stent could be scaled up to ten or twenty tim es its 
actual size and have it validated by carrying out experimental test, the overall cost o f  
the experiment could be largely reduced. On the other hand, i f  a slotted tube could be 
scaled down to the size o f  a stent and have it analysed by  computer software, the cost 
would be relatively reduced as well. This section w ill elucidate how this method was 
implemented and the outcome o f  such implementations on slotted tube expansion.
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5.5.1 M odelling and L oading
Two simulations were carried out and compared with the result that has already been  
obtained from the original slotted tube size. The original tube size here refers to the 
m odel used in previous section (i.e. a stainless steel slotted tube o f  25.4 mm outer 
diameter and 23 mm inner diameter with 86.8 mm in length). The length o f  the 
balloon used was 57 mm. The A N SY S pre-processor has an option that allows the 
nodes to m ove in the cylinder. The nodes can be m oved from a certain original radius 
o f  “X X ” to a new  radius o f  “X X  + delta”. For this situation, the scale factor would be 
“X X  + delta/XX”.
The first simulation was run b y  scaling the slotted tube to half o f  its size i.e. 5 times 
smaller than the original slotted tube size. For instance, the length o f  the slotted tube 
used here has becom e 21.7  mm. The individual slot and strut widths were equal to 
1.245 mm in circumferential direction. The length o f  the bridging strut connecting 
the two adjacent cells was 1.4 mm and the length o f  the slot has become 12.6 mm  
long. The m odel used in second simulation was scaled down to 10 times smaller than 
its original size. The size o f  the slotted tube in second simulation was as small as a 
real tubular stent, as the main objective in this section was to carry out these 
simulations to identify the feasibility o f  this m ethod due to these changes. In this 
m odel, the individual slot and strut widths were equal to 0.249 mm in the 
circumferential direction. The bridging strut and the length o f  the slot were equal to 
0.28 mm and 2.52 mm respectively. The detail dim ensions o f  the three m odels 
simulated are described in Table 5.3 below.
C ategory O riginal tube size 5 tim es sm aller 10 tim es sm aller
Number o f  Cells 40 40 40
Cell Size 62.748 m m 2 15.687 m m 2 0.627 mm2
Cell Areas 2509.92 m m 2 627.48 m m 2 25.1 mm2
Metal Surface Area 4416.41 m m 2 1104.10 m m 2 44.16 mm2
Stent Surface Area 6926.33 m m 2 1731.58 m m 2 69.26 mm2
Outer Diameter 25.4 mm 12.7 mm 2.54 mm
Inner Diameter 23 mm 11.5 mm 2.3 mm
Length o f  Stent 86.8 mm 43.4 mm 8.68 mm
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Table 5.3: Dim ensions o f  the scaled slotted tube size
After running a few  simulation tests it was found that same level o f  deployment 
pressure was needed to expand the slotted tube regardless o f  the diameter o f  the tube. 
Therefore, the same loading pattern was used for each simulation. The loading 
pattern that used is illustrated in loading curve 2 in Figure 5.49. The loading curve 
increases from 0 to 2.6 M Pa within 10 m illiseconds and it is held constant for 5 
m illiseconds before it decreases back to zero pressure load again.
5.5.2 Result and Discussion
5.5.2.1 Stress analysis
Figure 5.67 to Figure 5.69 shows the residual stresses in each slotted tube when the 
balloon was deflated. It was evident that the stresses did not vary too much when the 
size o f  the slotted tube was reduced as would be expected. This was due to the fact 
that the same level o f  pressure was deployed and the geometry o f  the slotted tube 
was identical too. The location o f  the maximum residual stress was found to be 
located in the same region irrespective o f  the size o f  the slotted tube. These regions 
were located at the four com ers and the middle o f  the slots. From these results, it is 
evident that the stress distribution over the slotted tube stent remains invariant so 
long as the geometry o f  the slotted tube increases or decreases proportionally. The 
residual stresses on the largest to the smallest slotted tube stent when the balloon was 
deflated were found to be 452.3 MPa, 453.7 MPa and 468.9 MPa respectively. It was 
calculated that the differences between them were less than 3.6%, which indicates a 
reliable result. The slight variation o f  the stress on the slotted tube was thought to be 
due to the variation in the characteristic length o f  the smallest element which might 
affect the calculation o f  the stress, strain and so on. The length o f  the elements was 
shortened when the size o f  the slotted tube was reduced.
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Figure 5.67: Deformation o f  the slotted tube after expansion by scaling factor o f  1
ANSYS
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Figure 5.68: Deformation o f the slotted tube after expansion by scaling factor o f  0.5
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Figure 5.69: Deformation o f  the slotted tube after expansion by scaling factor o f  0.1
Performing large deformation simulations on m odels with symmetric geometry and 
obtaining symmetric results can be m ost difficult. Everything must be identical from 
the very start and the calculated loads, strains, stresses o f  similar nodes or elements 
must be almost identical throughout the thousands o f  time steps taken to complete 
the simulation. Numerical round-offs w ill start to accumulate and small differences 
can becom e large differences i f  the deformations are large and an extensive number 
o f  time steps are made.
5.5.2.2 D eploym ent pressure vs. d isplacem ent
Figure 5.70 shows the magnitude o f  the slotted tube expansion in radial direction at 
maximum deployment pressure for scaling factors o f  1, 0.5 and 0.1 respectively. The 
diameter o f  the slotted tube for the scaled slotted tubes developed consistently as for 
the original tube size (scale factor = 1 ) .  The only difference between them was the 
magnitude o f  the expansion as a result o f  scaling the slotted tube size. Table 5.4 
illustrates the diameter o f  each slotted tube achieved at every increment pressure 
level o f  0.5 MPa throughout the dilatation process.
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Pressure Load 
(MPa)
Diameter (mm)
Scaling Factor = 1 Scaling Factor = 0.5 Scaling Factor = 0.1
0 23 11.5 2.3
0.5 23.2605 11.6241 2.3242
1 24.5705 12.2392 2.4464
1.5 27.5698 13.684 2.7308
2 35.0888 17.466 3.506
2.5 67.37 33.756 6.83
2.6 70.764 34.966 7.052
Table 5.4: Diameter achieved for three different scaling factors
Deployment Pressure (MPa)
■*—  Scale Factor = 1 — Scale Factor = 0.5 Scale Factor = 0.1
Figure 5.70: Expansion o f  slotted tube diameter with deployment pressure
The figures shown in Table 5.4 indicate that the slotted tube diameter increases by  
different rates at different level o f  pressures. However, the expansion level o f  the 
slotted tube occurred almost at the same ratio. It was known that the slotted tube o f  
scaling factor 0.5 was h a lf the size o f  the original slotted tube size (scaling factor 1) 
whereas, the slotted tube for scaling factor o f  0.1 was ten tim es smaller than the 
original slotted tube size. It was noticed that the diameters obtained for each slotted 
tube o f  different scaling factors at each pressure level were based on the ratio o f  the
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size o f  the slotted tube. For exam ple, at pressure level o f  1 MPa the diameter 
achieved from scaling factor 0.5 was h a lf o f  the diameter achieved from the scaling 
factor 1. A lso, the diameter achieved from the scaling factor 0.1 was ten percent o f  
the scaling factor 1 which shown an agreement with the ratio o f  the slotted tubes in 
term o f  size. At maximum deployment pressure, the diameters achieved for the 
scaling factor 1, 0.5 and 0.1 were 70.76 mm, 34.97m m  and 7.05 mm respectively.
5.5.2.3 E lastic  recoil
Figure 5.71 shows the reduction o f  the slotted tubes diameter follow ing the deflation 
o f  the balloons. The slotted tube diameters were gradually decreased during the 
deflation process until the pressure level o f  1 MPa was reached. Table 5.5 shows the 
diameter o f  each slotted tube achieved at every decrement pressure level o f  0.5 MPa 
throughout the deflation process.
Pressure Load (MPa
Diameter (mm)
Scaling Factor =  1 Scaling Factor = 0.5 Scaling Factor =  0.1
0 59.098 29.302 5.9
0.5 59.098 29.302 5.9
1 59.058 29.288 5.9032
1.5 66.694 32.678 6.566
2 69.954 34.46 6.944
2.5 70.702 34.924 7.044
2.6 70.764 34.966 7.052
Table 5.5: Elastic recoil o f  the slotted tubes
The figures presented in Table 5.5 indicate that the diameter achieved for the three 
different scaling factors at each level o f  pressure during the deflation process is 
closely follow ed the ratio o f  the size o f  the slotted tubes. The central diameter o f  the 
slotted tubes for the scaling factor 1, 0.5 and 0.1 was found to have shrunk to 59.1 
mm, 29.3 mm and 5.9 m m  respectively when the pressure was released to zero m ega  
Pascal. A s would have noticed that the ultimate diameter for the scaling factor 1 after 
elastic recovery was almost half o f  the size bigger than scaling factor o f  0.5 and ten
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times bigger than the scaling factor o f  0.1. The ratio o f  the diameter differences was 
almost equal to the ratio o f  the size o f  the slotted tube. The total discrepancy between  
the three cases was insignificant and it was less than 0.01%.
Deployment Pressure (MPa)
— Scal e Factor = 1 — Scal e Factor = 0 .5  S cale  Factor = 0.1
Figure 5.71: Elastic recoil o f  the slotted tube
5.5.2.4 Foreshortening
Figure 5.72 illustrates the magnitude o f  foreshortening in the slotted tubes with 
simulation time by the scaling factors o f  1, 0.5 and 0.1 respectively. The 
foreshortening length o f  the slotted tubes shortened was found to be 2.231 mm, 1.115 
mm and 0.235 m m  respectively for the case o f  scaling factors equal to 1, 0.5 and 0.1. 
The statistic again shown that the foreshortening also had a close relationship with 
the scaling factor. The amount o f  foreshortening o f  a slotted tube could be said to 
reduce as much as tw ice for the same geometry but half size o f  the slotted tube.
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Figure 5.72: Foreshortening o f  the slotted tube with simulation time
5.6 Analysis of Stent Production Defects
Production defects in a stent during the manufacturing process is difficult to detect. 
The stent is so small and hard to produce that it w ill need a high capacity laser beam  
to cut the slots without even considering the accuracy. At this size, physical 
prototypes are usually hit or m iss due to the accuracy o f  the laser. The accuracy is 
often very hard to maintain and even though such accuracy is maintained, there are 
always some tolerances allowed during the manufacturing processes. The analysis o f  
slotted tube stent production defect is detailed in this section. The effect o f  the slotted 
tube stent imperfection on stress analysis, radial expansion, deformation 
characteristic etc. was examined and reported.
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5.6.1 Modelling and Loading
The geometry o f  the slotted tube stent used in this investigation was extracted from  
previous section except that few  m odifications were made on the original geometry 
to m odel the imperfection. The geometry o f  the slotted tube was m odified in such a 
w ay that the dim ensions o f  the strut were no longer identical. Two elem ents were 
removed from each strut to reflect the changes o f  the defects in the slotted tube as 
shown in Figure 5.73. The size o f  a single defect area is 0 .744 mm2 (1.4 mm in 
length and 0.62 m m  in width). The length o f  the balloon used in this investigation 
was 57 m m  and the thickness o f  the balloon was 1.2 mm. The outer and inner 
diameter o f  the balloon was 23 mm and 20.6 m m  respectively. The material 
properties o f  polyurethane rubber were used again to represent the balloon. A  two 
parameter M ooney-R ivlin material m odel was used in this simulation with C(10) = 
0.103176E-02 and C(01) = 0.369266E-02.
ANSYS
Figure 5.73: Finite element model of the slotted tube imperfection
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The loading curve in Figure 5.74 describes the load history o f  the simulation process. 
The total simulation time was set to be 17.5 m illiseconds. In this simulation, the 
pressure load increases from 0 to 2.6 M Pa at simulation time o f  10 m illiseconds and 
remains constant for 2.5 m illiseconds and finally reduces to 0 at a simulation time o f
17.5 m illiseconds.
3
Simulation Time (Msec)
Figure 5.74: Loading curve
5.6.2 Result and Discussion
5.6.2.1 Stress analysis
Figure 5.75 shows the residual stress distributed in the slotted tube stent when the 
balloon was deflated. The m aximum residual stress at that time was approximately 
479 MPa. Given that the same amount o f  pressure was deployed, the residual stress 
in the case o f  geometry imperfection (479 MPa) is higher comparing to the perfect 
slotted tube geometry (452 MPa) as shown in Figure 5.52. The overall stress in the 
imperfect geometry slotted tube was w ell distributed despite the existence o f  the 
flaw.
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Figure 5.75: Residual stress in the slotted tube after deflation
The material for the flaw less geometry slotted tube was stretched up to about 87.4%  
o f  the ultimate tensile strength o f  the properties. On the other hand, the material for 
the flawed slotted tube experienced 92.6% plastic deformation o f  the ultimate tensile 
strength. However, the higher von M ises stress generated in the imperfection slotted 
tube was due to the localised deformation. The weakest part o f  the structure appeared 
to be located at the defected area and leads to the earlier failure o f  the slotted tube. 
The weakness o f  the structure at the defected area prevented the slotted tube from 
keeping the stresses low  at the same level o f  expansion as the flawless slotted tube. 
The percentage o f  residual stress difference between the perfect and imperfect 
geometry was approximately 6%.
Figure 5.76 shows the close up view  o f  one o f  the defected areas and the maximum  
stress induced by the flaws as highlighted in Figure 5.75. A s can be clearly seen that 
the stress concentrates on the defected area. The maximum stress occupies the whole 
surface o f  the two layers o f  elements. It was found that the maximum von M ises
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stress also existed on the opposite side o f  the defected areas. This is obviously due to 
the imperfect structure that causes the other side o f  the strut to experience the 
maximum stress as w ell.
266072 372451
Figure 5.76: Close up v iew  o f  the defected area
Figure 5.77 shows the developm ent o f  von M ises stress at nodes 959 and 936. These 
two nodes represent the m aximum von M ises stress developed in the slotted tube. 
N ode 936 is located at top surface o f  the junction o f  the defected area as can be seen  
in Figure 5.76. N ode 959 is located at exactly the other end o f  the defected area. It 
seem s that the higher stress developed at the opposite side o f  the defected area. It 
w as noticed that the stress history at the middle area o f  the slot (e.g. node 959) tends 
to develop gradually without dropping during the deflation o f  the process. On the 
other hand, the nodes that are located near the com er o f  the slot (e.g. node 936) tend 
to have “V ” shape kind o f  stress history at the beginning o f  the deflation process.
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Figure 5.77: Developm ent o f  stress at node 959 and 936
Two graphs were plotted in order to investigate the behaviour o f  the stresses 
developed in those two nodes. Figure 5.78 show the development o f  von M ises stress 
together with three principal and directional stresses in node 959. It can be seen from 
the figure that there were two phases involved. The first phase is the inflation o f  the 
balloon and the second is the deflation o f  the balloon.
During the first phase (inflation), the principal stresses tend to follow  closely to the 
directional stresses. The maximum principal stress (S3) developed identically to the 
directional stress Z (SZ), which indicates that longitudinal stress dominated the 
initial phase o f  the process. The principal stress 1 (S I) took over from principal stress 
3 and became prominent at the end o f  the inflation process. A t this stage, the stress in 
x direction seem s very likely to dominate principal stress 1, which might indicate 
that hoop stress is playing the major role now. One point should be noted is that the 
maximum principal stress can change direction at any time during the loading, 
especially when dynamic effects com e into play such as that when the balloon is
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deflated. The direction o f  the principal stresses cannot be determined unless a simple 
m odel and loading is used. Principal stress 2 follow s closely  to the directional stress 
y  all the w ay to the end o f  the process. This indeed gives a very good indication that 
the principal stress 2 referred to the radial stress since the location o f  the node is 
almost parallel to the y-axis.
ANSYS
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Figure 5.78: Developm ent o f  von  M ises, principal and directional stress at node 959
It is w ell known that von  M ises stress consists o f  three principal stresses. Principal 
stress 1 and 2 were in the tensile manner and the principal stress 3 was in the 
compressive manner at the onset o f  the deflation process as can be seen in Figure 
5.78. The reason von M ises stress increased gradually during the deflation process is 
due to the compressive stress in principal stress 3. Principal stress 1 provided the 
increment in von M ises stress due to the decrement o f  principal stress 2 (tensile 
manner) and 3 (com pressive manner).
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Figure 5.79 shows the development o f  von M ises stress, three principal and 
directional stresses in node 936. Directional stress Z tends to follow  closely to the 
principal stress 1 at the initial stage. It soon looses its possession and begins to 
follow  the principal stress 3 at approximate time o f  3.9 m illiseconds.
Figure 5.79: Developm ent o f  von M ises, principal and directional stress at node 936
Unlike node 959, m ost o f  the stresses in node 936 were in the tensile manner 
throughout the process. The von M ises stress dropped because o f  the dropping in all 
three principal stresses in tensile manner. The von M ises stress begins to pick up as 
soon as it reaches the low est point o f  stress during the deflation process. The 
increment o f  the von M ises stress here is due to the course o f  changing direction 
from tensile to com pressive stress in principal stress 3 that seem s very likely to be in 
z direction. The defected area was pulled in the tensile manner at the beginning o f  
the dilatation process. The defected area was stretched in a compressive manner as 
soon as the pressure load was released. This is unlike the situation at node 959 in
169
Chapter 4: Simulation and Analysis
which tensile force seem ed to dominate the deformation characteristic in that area 
during the deflation process.
5.6.2.2 Deployment pressure vs. displacement
Figure 5.80 shows the magnitude o f  the central slotted tube diameter at maximum  
deployment pressure during the dilatation process. The original and the imperfection 
slotted tube seem ed to develop identically towards the end o f  the dilatation process. 
However, the defected slotted tube experienced higher level o f  expansion at the same 
level o f  deployment pressure when the pressure level o f  1.5 MPa was achieved.
Deployment Pressure (MPa)
— Original  — Imperfect ion
Figure 5.80: Expansion o f  slotted tube diameter with deployment pressure
Apparently, this is due to the imperfect structure o f  the slotted tube. The weakness o f  
the structure allows the body struts o f  the slotted tube to open up quicker than the 
flaw less geometry. A s a result, the imperfect slotted tube experienced the higher 
level o f  expansion. The original and the imperfect slotted tube might experience a 
different level o f  expansions but the magnitude o f  discrepancy was insignificant. The 
m aximum diameter o f  the original and the imperfect slotted tube achieved were 
70.76 mm and 70.77 m m  respectively.
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5.6.2.3 Elastic recoil
Figure 5.81 shows the reduction o f  the original and imperfection slotted tube central 
diameter during the deflation process. The graph shows that the elastic recovering o f  
the imperfect slotted tube is identical to that o f  original slotted tube despite the 
existence o f  the flaws. The central diameter o f  the flaw less and defected geometry 
was found to be 59.1 mm and 59.13 mm respectively. Both o f  them experienced 
16.5% shrinkage from the maximum diameter obtained during the maximum  
deployment pressure.
Deployment Pressure (MPa)
— Original  —■— Imperfection
Figure 5.81: Elastic recoil o f  the flaw and flaw less slotted tubes
5.6.2.4 Foreshortening
Figure 5.82 shows the developm ent o f  foreshortening with simulation time for the 
original and imperfect slotted tube respectively. The graph shows there is 
insignificant discrepancy o f  foreshortening between original and imperfect slotted 
tubes during and after the simulation process. The length o f  the slotted tubes 
shortened was found to be 2.23 m m  and 2.39 mm after the deflation process.
1
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Figure 5.82: Foreshortening o f  the original and imperfection slotted tubes
5.7 Analysis of Balloon Thickness on Slotted Tube Expansion
Balloon thickness is one o f  the major factors that w ill affect the outcome o f  the 
expansion characteristic o f  stent follow ing stent deployment. The optimal balloon 
thickness for the purpose o f  stent dilatation has not been defined. However, a larger 
balloon very often been called as an oversized balloon was evidenced as a cause to 
restenosis [105], The section w ill detail the effect o f  the balloon thickness on the 
expansion characteristic, stress distribution, degree o f  expansion and foreshortening 
o f  the stent.
5.7.1 Modelling and Loading
Three simulations were carried out to examine the effect o f  the balloon thickness on 
the expansion characteristic o f  the slotted tube stent. The slotted tube model utilised  
in this section was identical to the last few  section i.e. 25.4 mm outer diameter and 
23 mm inner diameter with 86.8 mm in length. However, the thickness o f  the 
balloons was altered. The balloons were m odified to three different thickness based 
on the ratio o f  0.5:1:1.5. Assum ing that the nominal balloon thickness is equal to the 
thickness o f  the slotted tube stent i.e. 1.2 mm, then the smaller size o f  the balloon is
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equivalent to half size o f  the nominal balloon, which is only 0.6 mm. Similarly, the 
bigger size balloon was m odelled to be 1.8 mm in thickness. In spite o f  the changes 
made for the balloon thickness, the length o f  balloon was kept constant for all the 
three simulations i.e. 114 mm long.
Figure 5.83 to Figure 5.85 show the finite element m odels o f  one-eighth o f  the 
slotted tube with different balloon thickness respectively. The balloons were 
discretised by 35 elem ents along its length and 32 elem ents in circumference with 3 
elem ents across the thickness for the smaller size and nominal balloon thickness. As 
for the bigger size balloon thickness, it was discretised by 35 elements along its 
length and 32 elem ents in circumference with 4 elem ents across the thickness.
B a l l o o n  =  38 X 32 X 3 e l e m e n t s  a n d  T h ic k n e s s  = 0 . 6  mrti
ANSYS
Figure 5.83: One eight o f  the finite elem ent m odel with balloon thickness =  0.6 mm
A  two parameter M ooney-R ivlin constants with C(10) =  0.205715E -02 and C(01) =  
0 .743122E-02 were used for all three simulations. The material properties for the 
balloon here were assumed twice as tough as the balloon material properties been 
used in previous simulations.
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B a llo o n  = 38 x 32 x 3 e le m e n ts  an d  T h ic k n e s s  -  1 ,2  rati
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Figure 5.84: One eight o f  the finite elem ent m odel w ith balloon thickness =  1.2 mm
B a llo o n  -  38 X 3 2  X 4  e le m e n ts  a n d  T h ic k n e s s  = 1 .8  nan
ANSYS
Figure 5.85: One eight o f  the finite element model with balloon thickness = 1 .8  mm
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The original material properties were utilised initially but it was found that the 
material was too soft and unable to properly expand the slotted tube when running the 
simulation with the thinner size balloon. It caused an excessive bulging near the end 
o f  the slotted tube, which ultimately resulted in failure o f  the balloon material. 
Therefore, the stress strain curve o f  the polyurethane material was m odified in such a 
way that the material w ill have a higher elastic modulus. These changes enable the 
simulations to run successfully and a fair comparison could be made.
Different levels o f  deployment pressure were applied according to the different 
thickness o f  balloons used. Higher pressure was needed in order to expand the slotted 
tube by thicker balloon. Figure 5.86 shows the load history o f  the simulation process 
for the three different balloons thickness.
Simulation Time (Msec)
— Loadi ng curve 1 —■— Loading curve 2 Loading curve 3
Figure 5.86: Loading curves
Load curve 1 in Figure 5.86 describes the load history applied on the balloon 
thickness o f  0.6 mm for the simulation process. The load increased from 0 to 15 
m illiseconds and then held constant for 4 m illiseconds and finally reduced to zero at 
time 25 m illiseconds. The second simulation o f  the expansion process was carried out 
on a balloon thickness o f  1.2 mm. The load curve 2 describes the load history used 
for the simulation. The load applied here was much higher than the first simulation. 
The maximum deployment pressure applied was 4 MPa. The third simulation o f  the
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expansion process was carried out on a balloon thickness o f  1.8 mm. This was the 
thickest balloon being used and it required the highest deployment pressure amongst 
the three simulations. The maximum deployment pressure applied was 5.6 MPa. As 
in the first simulation, the load was held constant for 4 m illiseconds and then reduced 
to zero pressure at the tim e o f  25 m illiseconds.
5.7.2 Result and Discussion
5.7.2.1 Stress analysis and uniformity
Figure 5.87 show s the residual stress distributed in the slotted tube for a balloon  
thickness o f  0.6 mm when the deploying pressure was released to zero. The 
maximum residual stress in the slotted tube at that point o f  time was approximately 
472 MPa. Given that the geometry o f  the slotted tube and the length o f  the balloon  
were identical for the three simulations, the stresses generated over the entire slotted 
tube were purely depending on the level o f  the deployment pressure and also the 
thickness o f  the balloon. The expansion characteristics o f  the slotted tube were 
therefore influenced by the variation o f  the balloon thickness that was in contact with 
the slotted tube stent.
ANSYSl
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Figure 5.87: Residual stress in the deformed tube by 0.6 mm balloon thickness
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In the case o f  0.6 m m  thickness, the force required to initiate the expansion was 
lower. This was due to the fact that only a little force needed to distend the balloon  
simultaneously. M ost o f  the force was used to expand the slotted tube. There was 
very little pressure lost from the initial level o f  the deployment pressure when it 
came to the interference point between the outer surface o f  the balloon and the inner 
surface o f  the slotted tube.
Figure 5.88 shows the deformation o f  the balloon at m axim um  deployment pressure. 
The smaller thickness o f  the balloon caused the distal and proximal o f  the balloon to 
open up first and easily. A s a result, the balloon transformed into a more uniform  
shape and m oulded itse lf around the slotted tube stent as it inflated. Nevertheless, it 
was found that the distal and proximal o f  the balloon always maintained a higher 
level o f  displacement (apple shape) until a point at which the slotted tube was finally  
fully opened up. A t this point, the slotted tube was almost level with the balloon. 
When the balloon w as deflated, the slotted tube retained its deformed shape and it 
was the m ost uniform amongst the three balloons thickness m odelled as can be seen  
from the figures.
ANSYS
Figure 5.88: Deformation o f  0.6 mm balloon at maximum deployment pressure
177
C hapter 4: Simulation and Analysis
Figure 5.89 shows the residual stress distributed in the slotted tube for the balloon  
thickness o f  1.2 mm when the deployment pressure was released to zero. The 
maximum stress in the slotted tube was 473 MPa at the four comers o f  the slots. The 
deformation characteristic by 1.2 mm balloon thickness was somewhat different. At 
the beginning o f  the expansion process, the distal and proximal o f  the balloon did not 
bulge as much as in the case o f  thinner balloon. It required a lot more pressure to 
perform the job. It was discovered that all the slotted tube expansions begun from the 
ends and slow ly transferred force to the centre, which finally caused the centre part 
o f  the slotted tube to open up. At one point, the slotted tube seemed to expand in a 
uniform manner as shown in Figure 5.90. This point was the point that almost 
levelled with the balloon as described earlier for the thinner balloon. The pressure 
load at this point in time was 3.4 MPa. The distal and proximal o f  the balloon  
gradually expanded in a smaller magnitude compared to the centre part o f  the balloon  
after passing this point. The middle section o f  the balloon became weaker due to the 
constraints at the distal and proximal o f  the balloon. A s a result, the slotted tube 
experienced a higher deformation at the central part and formed an ellipse like shape 
together with the balloon. Figure 5.91 shows the ultimate deformation o f  the balloon 
and slotted tube at m axim um  deployment pressure.
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Figure 5.89: Residual stress in the deformed tube by 1.2 mm balloon thickness
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ANSY5
Figure 5.90: Deformation o f  the balloon and slotted tube at tim e 12.75 m sec
ANSYS
Figure 5.91: Deformation of 1.2 mm balloon at maximum deployment pressure
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Figure 5.92 shows the residual stress distributed in the slotted tube for the balloon 
thickness o f  1.8 mm when the deployment pressure w as released to zero. The 
maximum residual stress at that time was 475 MPa. Given that all three balloons 
thickness increased by the same value i.e. 0.6 mm, it was fair to compare the stress in 
the slotted tube at different level but same amount o f  pressure increment as well. For 
instance, the stress level at pressure level o f  5.4 M Pa (thickness 1.8 mm) was 
compared to the stress level at pressure o f  4 MPa (thickness 1.2 mm) and 2.6 MPa 
(thickness 0.6 mm). So, there was 0.6 mm thickness increment in each balloon 
together with 1.4 MPa increment in pressure. The purpose was to check in the slotted 
tube to see i f  there were any significant change in stresses between them. It was 
found that the stresses in the slotted tube for the three cases were 472 MPa (thickness 
0.6 mm), 473 MPa (thickness 1.2 mm) and 460 M Pa (thickness 1.8 mm) 
respectively. These figures suggested that the increment o f  thickness by the same 
ratio as well as the deployment pressure did not have a major effect on the maximum 
stress generated.
Figure 5.92: Residual stress in the deformed tube by 1.8 mm balloon thickness
ANSYS
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H owever, the same approach was taken to measure the uniformity o f  the slotted tube 
in those three cases. The radial displacement in the centre o f  the slotted tube was 
taken to make comparison with the radial displacement in the end o f  the slotted tube. 
It was found that the discrepancies between the two radial displacements from the 
thinnest to the thickest balloon were +1.56 mm, -3.08 mm, and -4.65 mm 
respectively. A  higher discrepancy indicates the slotted tube is less uniform, 
assuming that zero millimetre represents the perfect uniformity. Therefore, the 
thinnest balloon caused an excessive expansion at the ends o f  the slotted tube. The 
thickest balloon caused the least uniform expansion o f  the slotted tube.
Figure 5.93 shows the deformation o f  the slotted tube and the balloon at the point 
that they both were at the same level. A t that point, the expansion process was as i f  
returning to the initial expanding conditions except that the slotted tube already 
opened up and the force in the balloon is no longer uniform. More force was needed 
to bulge the distal and proximal o f  the balloon and less pressure was needed for 
further expansion m ainly because the bond structure o f  the struts was weakened. 
O wing to these reasons, the central part o f  the slotted tube begun to bulge 
excessively. This can be seen from Figure 5.94 that shows the deformation o f  the 
slotted tube and the balloon at maximum deployment pressure.
Figure 5.93: Deformation o f  the balloon and slotted tube at time 11.5 msec
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ANSYS
Figure 5.94: Deformation of 1.8 mm balloon at maximum deployment pressure
5.1.2.2 Deployment pressure vs. displacement
Figure 5.95 shows a graph that plotted for the development of the slotted tube central 
diameter at different level of pressure deployment. The graph shows the relationship 
between the diameters obtained at same level of pressure for the different thickness 
of balloons was irrelevant. For instance, at pressure level o f 2 MPa the differences in 
diameter obtained from 0 . 6  mm and 1 . 2  mm balloon thickness were much higher 
compared to the differences in diameter obtained from 1 . 2  mm and 1 . 8  mm balloon 
thickness despite the fact that they both were increased by the same value of 
thickness i.e. 0.6 mm. Nevertheless, the pressure increases with increasing balloon 
thickness. At the same level of displacement the deployment pressure needed for 1.8 
mm was almost twice as much as for 0 . 6  mm balloon thickness, whereas the pressure 
needed for 1.2 mm was one and a quarter of the 0.6 mm balloon thickness. This 
indicates that increase the pressure proportionally to the thickness of the balloon 
would result in the same level of displacement. The ratio of the three balloon 
thicknesses was 0.6 : 1.2 : 1.8 which equals to the ratio of 1 : 2 : 3. It was found that 
the ratio of the pressure load to achieve the same level of radial displacement was 1  :
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1.5 : 2. This indicates that the magnitude of increment in the pressure load was lower 
than the magnitude of increment in the balloon thickness.
Deployment Pressure (MPa)
Thickness = 0.6 mm ■ Thickness = 1.2 mm Thickness = 1. 8  mm
Figure 5.95: Expansion of slotted tube diameter with deployment pressure
5.7.2.3 Elastic recoil
Figure 5.96 shows the reduction of the slotted tubes diameter following the deflation 
of the balloons. At pressure level of 1 MPa, the slotted tube diameter decreased from
69.7 mm to 58.1 mm for the balloon thickness of 0.6 mm. The total decrement of 
diameter was therefore 1 1 . 6  mm, which was about 16.6% from the maximum 
diameter expansion. As for the balloon thickness of 1.2 mm, the slotted tube 
experienced the elastic recoil until the pressure of 2 MPa was reached. The central 
slotted tube diameter decreased from 71.8 mm to 61 mm at this pressure level. 
Therefore, the discrepancy between them was 10.8 mm and the percentage of 
decrement from the maximum diameter expansion was about 15%. The elastic recoil 
for the balloon thickness of 1 . 8  mm stopped at the highest pressure i.e. 
approximately 3.5 MPa. The central diameter of the slotted tube dropped from 75.9 
mm to 65.6 mm. The total diameter dropped was 10.3 mm and the percentage of 
decrement from maximum expansion was 13.6%. This figures showed that the 
balloon thickness might have a little effect on the elastic recoil of the slotted tube. 
However, there was no strong statistic to show that they were strongly related. This
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was due to the fact that the structure of the slotted tube and the ultimate shape of 
deformation had changed. In which case, the uniform expansion was no longer 
accounted for.
Deployment Pressure (MPa)
Thickness = 0.6 mm — Thickness = 1.2 mm Thickness = 1.8 mm
Figure 5.96: Elastic recoil of the slotted tube
5.7.2.4 Foreshortening
Figure 5.97 shows the foreshortening of the length of the slotted tube throughout the 
dilatation process. As expected the foreshortening of the slotted tube developed 
gradually. Three deployment pressure levels were selected in order to identify the 
effect of the balloon thickness on the foreshortening of the slotted tube. One 
deployment pressure from each case was chosen to make comparison between them. 
The foreshortening achieved for the balloon thickness of 0.6 mm at pressure level of 
2.6 MPa was 8.11 mm. As for the balloon thickness of 1.2 mm, the foreshortening 
measured was 6.94 mm at the pressure level of 3.9 MPa. Similarly, by the same 
increment of pressure and balloon thickness in the third simulation the foreshortening 
achieved was 6.38 mm. The magnitude of foreshortening seemed to be decreasing 
with increasing balloon thickness. This was due to elasticity of the balloon at the 
distal and proximal. As explained before, thicker balloon prevented itself from 
expanding uniformly. As a result, the integration between the slotted tube and the 
balloon forced the former one to follow the way of expansion of the balloon. In other
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word, the slotted tube here moulded itself around the balloon rather than letting the 
balloon mould around the slotted tube.
Thickness = 0.6 m m ------Thickness = 1.2 mm Thickness = 1.8 mm]
Figure 5.97: Foreshortening of the slotted tube with pressure
5.8 A n a ly s is  o f  S lo tted  T u b e  S te n t G eo m e try
At deployment, stent struts provide a frame over which the vascular is stretched. One 
aspect of damage that induced by stent is strut-imposed vascular injury. This injury is 
often regards as neointimal hyperplasia (abnormal increase in number of cells). It is 
believed that the stent design may affect the neointimal growth. Understanding the 
expansion characteristics of different stent geometry may allow novel strategies for 
device design and use.
5.8.1 Modelling and Loading
Apart from the design 1 that identical to previous sections, four different designs of 
slotted tube stent were modelled in this section. The simulations were carried out to 
expand five stainless steel slotted tube stent of 25.4 mm outer diameter and 23 mm 
inner diameter. The length of the slotted tube stent was varied with four of them 
having an equal length i.e. 8 6 . 8  mm. The final one was modelled to be 95.2 mm. 
Each of the stent was modelled to have different design. Design 1 contains an equal
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width amongst the slots and the struts. Design 2 possesses wider slots in which the 
slots were modelled to be 20 % wider than design 1. On the contrary, design 3 was 
modelled to have wider struts and the slots were calculated to be 2 0  % narrower than 
design 1. The width of the struts and the slots in design 4 remains as in design 1 
except that the length of the slots was increased by 10 %. Design 5 was modelled to 
have more struts and slots. The number of the struts and slots were increased by 50 
% compared to the other designs. The dimensions of the five different designs are 
shown in Figure 5.98 to Figure 5.102.
Figure 5.98: Geometry of the slotted tube for design 1
Figure 5.99: Geometry of the slotted tube for design 2
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Figure 5.100: Geometry of the slotted tube for design 3
Figure 5.101: Geometry of the slotted tube for design 4
Figure 5.102: Geometry of the slotted tube for design 5
187
Chapter 4: Simulation and Analysis
Table 5.6 shows the summary of the dimensions for the five slotted tube stents. 
Design 2 contains the least metal surface area. It is followed by design 4, 5, and 3. It 
is noticed that design 1 contains the same metal surface area as in design 5 despite 
the fact that the number of slots for the later design is 50 % more than the former 
one. All of the designs cover the same stent surface area by 6926.33 mm2 except 
design 4.
Category Design 1 Design 2 Design 3 Design 4 Design 5
Width of Slot 2.49 mm 3 mm 2 mm 2.49 mm 1.66 mm
Width o f Strut 2.49 mm 1.98 mm 2 mm 2.49 mm 1.66 mm
Length o f Slot 25.2 mm 25.2 mm 25.2 mm 28 mm 25.2 mm
Length o f Bridging Strut 2.8 mm 2.8 mm 2.8 mm 2.8 mm 2.8 mm
Number o f Slots 40 40 40 40 60
Slot Size 62.748 mm2 75.6 mm/ 50.4 mmi 69.72 mm2 41.832 mm2
Slot Areas 2509.92 mmJ 3024 mm'! 2016 mm2 2788.8 mm2 2509.92 mm2
Metal Surface Area 4416.41 mm2 3902.23 mm" 4910.33 mm2 4090.03 mm2 4416.41 mm2
Stent Surface Area 6926.33 mm2 6926.33 mm2 6926.33 mm2 6878.83 mm2 6926.33 mm2
Outer Diameter o f  Stent 25.4 mm 25.4 mm 25.4 mm 25.4 mm 25.4 mm
Inner Diameter o f Stent 23 mm 23 mm 23 mm 23 mm 23 mm
Length o f Stent 86.8 mm 86.8 mm 86.8 mm 95.2 mm 86.8 mm
Table 5.6: Summary of dimensions for the five different designs
Finite Element Model
Model
Design 1 Design 2 Design 3 Design 4 Design 5
N.E. N.N. N.E. N.N. N.E. N.N. N.E. N.N N.E. N.N.
Balloon 3648 5148 4320 6072 3648 5148 4800 6732 4800 6732
Stent 1104 2133 856 1749 1048 2001 1200 2313 3312 6180
Total 4752 7281 5176 7821 4696 7149 6000 9045 8112 12912
Table 5.7: Number of elements used
Figure 5.103 to Figure 5.107 show the finite element models of one-eight of the 
slotted tubes for the five designs after meshing. Each design contains different 
density o f meshes. The length of the balloons is also varied with each stent. This is to
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ensure the uniformity of the stent after the expansion. The details of the finite 
element models are described in Table 5.7, where N.E. is the number of elements and 
N.N is the number of nodes consisted in the model.
ANSYS
Balloon = 30 x 32 x 3 Elements and Length = 57 mm
Figure 5.103: Finite element model of the design
Balloon = 45 x Elements and length = 60 ram
ANSYS
Figure 5.104: Finite element model of the design 2
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ANSYS
B a llo o n  - 3 8 x 3 2 x 3  E le m e n ts  and le n g t h  =  53 mm
Figure 5.105: Finite element model of the design 3
B a llo o n  =  40 x 32 x  3 E le m e n ts  and le n g t h  =  60 irm
ANSYS
Figure 5.106: Finite element model of the design 4
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B a llo o n  =  50 x 32 x  3 E le m e n ts  and L e n g th  =  70 mm
ANSYS
Figure 5.107: Finite element model of the design 5
The material properties o f Stainless Steel 304 was utilised to represent all the slotted 
tube stents. Polyurethane with equal toughness was used to represent the balloons. 
The pressure applied on the inner surface of the balloons was varied with each design 
except design 2 and 4. The variation of the deployment pressure is to ensure all of the 
slotted tube stents expand to a certain limit for comparison in an impartial manner. 
For instance, all stents must expand at least up to approximately 87 % of its failure 
strength i.e. 450 MPa.
The load histories of the five simulations process are shown in Figure 5.108. As can 
be seen from the figure as well that the simulation time is varied for different 
designs. The simulation time here is not a real time as the quasi-static solution was 
intended. Due to the different density of mesh, pressure load etc. the simulation time 
needed is also varied. This is to allow the solution to converge to the equilibrium 
status. In this case, the dynamics effect is reduced to the minimum value if it is not 
completely eliminated. Design 3 requires the highest pressure load i.e. 3 MPa to 
induce the expansion since the struts of the stent are much stronger than the rest of 
the stents. Design 5 needs the least pressure load i.e. 1.85 MPa as it has the smallest
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strut width. The maximum pressure loads applied for design 1, 2, and 4 are 2.6 MPa, 
2.35 MPa, and 2.35 MPa respectively. Again, design 2 and 4 have the similar load 
history throughout the entire simulation process.
0 5 10 15 20 25 30 35
Simulation Time (M sec)
— Load Curve 1 —* — Load Curve 2 Load Curve 3
— x —  Load Curve 4 —* — Load Curve 5
Figure 5.108: Loading curves
5.8.2 Result and Discussion
5.8.2.1 Stress analysis
Figure 5.109 to Figure 5.113 shows the distribution of residual stress in the slotted 
tube stents for each design after the deflation process. It can be seen from the figures 
that the highly stressed area are localised in the comers of the slots irrespectively of 
the design structure of the struts. Major stress was also found localised in the middle 
of the slots except for design 5. It appears that the increment on the number of the 
stmts produces some effects on the strength of that region. The expansion 
characteristic of the designs is unvaried. During the inflation process the proximal 
and distal ends of the expanding balloon, which is unconstrained by the shorter stent 
inflated first and causing the overlying stent to open nonuniformly into a dumbbell 
shape. The centre of the slotted tube stent opened with increasing pressure and 
causing a contraction along its longitudinal axis.
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It can be seen from Figure 5.109 that the minor stressed regions are located at the 
end, middle of the struts and the bridging struts of the slotted tube stent. However, 
the minimum stressed area is located at the end of the stent as can be easily seen 
from the figure. Design 1 is modelled to have an equivalent width for the stent struts 
and the slots. The minor stress seems to occupy one-third of the struts and it looks as 
if a chain with beads. The beads that constituted of lower stress cover the entire 
width of the struts. The maximum residual stress that remained in the slotted tube 
stent after deflation was approximately 452 MPa.
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ANSYS
Figure 5.109: Residual stress in the deformed tube for design 1
As described before, design 2 was modelled to have wider slots and narrower struts. 
The minor stress regions are located at the same areas as in design 1. However, the 
lowest stressed region that located at the end of the stent is even more prominent. It 
can be clearly visualised in Figure 5.110. The minor stresses areas have become 
wider and less concentrated. The beads are larger than design 1 and tend to scatter 
unevenly. The distribution of residual stress in this figure shows that this design is
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easier to expand compared to the design 1 as it has the weaker struts structure. The 
maximum residual stress that remained in the slotted tube stent for design 2  after 
deflation was approximately 453 MPa. The residual stress here is almost levelled 
with the design 1 but the deployment pressure for the design 2  is lesser than the 
design 1 which is only 2.35 MPa.
Figure 5.110: Residual stress in the deformed tube for design 2
The distribution of residual stress in Figure 5.111 shows that this design is much 
stronger than the previous two designs. More regions of the body struts experienced 
the higher stress level. It is noticed that the chain is broken in the body struts near the 
end of the slotted tube stent. The beads that represent the lower stress region could 
hardly visualise in the bridging struts and the higher stress level occupies this region. 
As a result, higher pressure load needs to be applied to induce the expansion. The 
minimum stress area that located at the end of the stent did not change despite the 
changes in the struts width of the design. The maximum residual stress that remained 
in the slotted tube stent for design 3 after deflation was approximately 477 MPa.
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Figure 5.111: Residual stress in the deformed tube for design 3
The width of the strut in design 4 is identical to that of design 1. The only difference 
between them is the length of the strut. It was designed to have longer struts by 10 % 
than the design 1. The distribution of the residual stress in Figure 5.112 resembles 
the distribution of stress in design 1. The shape of the chain and the beads can be 
clearly seen. The maximum and minimum residual stresses are located in the same 
areas as in design 1. This indicates that the increment on the length of the struts do 
not have a major effect on the stress distribution in the slotted tube stent.
The same pressure load was applied in design 1 and 4. The maximum residual stress 
after the deflation process for design 4 is only experienced a slight variation of stress 
in comparison with the maximum residual stress in design 1. The stress at that point 
in time was approximately 465 MPa.
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ANSYS
Figure 5.112: Residual stress in the deformed tube for design 4
Increasing the number of slots in design 5 make less material available for expansion 
of the slotted tube stent due to the smaller struts. Figure 5.113 shows the distribution 
of the residual stress in the deformed tube for design 5. It seems that the minimum 
stress shifted its location from the end of the stent to the middle of the body struts. 
This is unlike the previous four designs where the minimum stress was found to be 
located at the end of the stent. The beads covered wider area and the bridging struts 
seemed to be fully occupied by the lower stress level. This makes the slotted tube 
weak and extremely easy to expand. The pressure deployed was only 1.85 MPa and 
the residual stress achieved after deflation was approximately 469 MPa. The higher 
stressed regions were more concentrated in design 5 and the body struts experienced 
lower stress at most of the time. It is also evident that the structure of the slotted tube 
seemed to have smoother curvature around the slots. This indicates that the body 
struts experienced more bending in this case. More number of struts produces 
smoother curvature of the struts structure and therefore increases the circularity of 
the slotted tube stent.
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Figure 5.113: Residual stress in the deformed tube for design 5
5.8.2.2 Deployment pressure vs. displacement
Figure 5.114 shows the development of the five slotted tube central diameters at 
different levels of pressure loads. Design 5 that is more numerous in term of struts 
and slots, experiences the highest magnitude of expansion. This is followed by the 
design 4, 2, and 1. Design 3 experiences the least expansion in the radial direction at 
the same level of pressure load. The expansion rate for design 2 and 4 indicate that 
twenty percent wider slots from the original width almost gave the same result as of 
ten percent increment on the length of the slots.
It is possible to make comparison for each design on the level of expansion achieved 
based on the same level of pressure load. For instance, the diameter achieved for 
design 1 to 5 read as 31.68 mm, 37.46 mm, 27.65 mm, 40.65 mm and 90.07 mm at 
pressure load of 1.85 MPa. These data suggest that number of struts produces 
beneficial effect on the expansion in radial direction of the slotted tube stent.
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Deployment Pressure (MPa)
Designi —» —Design 2 Design 3 —K—Design 4 — Designò
Figure 5.114: Expansion of slotted tube diameter with deployment pressure
Increasing the strut length might have a slight advantage over the reduction in strut 
width to achieve the higher level of expansion. Increasing the strut width by the same 
percentage but higher pressure load on the other hand is not as effective as reducing 
the strut width with lower pressure load. The maximum diameters achieved at 
maximum deployment pressure for design 1 to 5 were 70.8 mm, 72.96 mm, 71.88 
mm, 78.86 mm and 90.06 mm.
5.8.2.3 Elastic recoil
Figure 5.115 shows the reduction of the central diameters for each design during the 
deflation process. The curves show that the stent diameters decrease with the 
decreasing pressure load. However, the stent diameters stop decreasing eventually at 
the pressure level around 1 MPa. This is due to the separation of the balloon from the 
stent and the fact that the tube had undergone the plastic deformation. The radial 
strength of the slotted tube kept the tube in deformed shape and prevented it from 
recoil.
The curve of design 3 shows the ability of the wider struts stent from experiencing 
excessive elastic recoil. The stent reduced its central diameter from 71.88 mm to
63.08 mm when the deflation process was ended. The stent may have detrimental
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effects due to its difficulty to expand during the inflation process and the flexibility 
of the stent is limited. However, it also produces beneficial effects after deployment 
as the stent would be able to withstand the compressive force of a vascular wall from 
collapsing.
Deployment Pressure (MPa)
— Design 1 — Design 2 Design 3 —* — Design 4 —* — Design 5
Figure 5.115: Elastic recoil of the slotted tube stents
Table 5.8 shows the details of the slotted tubes diameter after elastic recoil. Design 5 
experienced the maximum shrinkage i.e. 19.70 %. This was followed by design 4, 2, 
1, and finally design 3. The statistic shows that the percentage of shrinkage for 
design 5 is nearly equal to design 4 despite the fact that the former design achieved 
much higher expansion in radial direction.
Design
Diameter at 
maximum 
pressure (mm)
Diameter after 
elastic recoil 
(mm)
Discrepancy
(mm)
Percentage of 
shrinkage (%)
Design 1 70.858 59.098 11.76 16.60
Design 2 72.962 59.756 13.206 18.10
Design 3 71.878 63.088 8.79 12.23
Design 4 78.852 63.738 15.114 19.17
Design 5 90.066 72.326 17.74 19.70
Table 5.8: Percentage shrinkage of the slotted tubes
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5.8.2.4 Foreshortening
Figure 5.116 illustrates the magnitude of foreshortening with deployment pressure 
during the deflation process by design 1, 2, 3, 4, and 5 respectively. It can be seen 
from the graph that the foreshortening decreases with pressure load during the onset 
of the deflation process. The foreshortening reduced to a constant value when the 
pressure of 1 MPa was reached.
Design 1 — Design 2 Design 3 Design 4 — Design 5
Figure 5.116: Foreshortening of the slotted tubes with deployment pressure
The foreshortening of the slotted tube stents remained in the constant value 
throughout the rest of the deflation process after 1 MPa despite there were small 
variations toward the 0.5 MPa. The foreshortening corresponds with the stent 
diameter. Any increase in length of the stent is accompanied by a corresponding 
decrease in stent diameter. Therefore, any alteration in the stent diameter reflects the 
changes in the length of the stent.
Table 5.9 shows the details of the foreshortening for each design after the deflation 
process. The negative sign represents the shortening of the stent from its original 
length. It is noticed that design 2 experienced the least foreshortening i.e. 3.74 % 
from its original length. It is followed by design 1, 4, 3 and 5. The design 5 that 
seemed to be second significant in experiencing the shrinkage in diameter had a
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highest percentage of foreshortening compared to the other designs. This was 
probably due to the features of the design that enhanced the foreshortening. Design 4 
had the highest value of foreshortening at maximum pressure load but it reduced to a 
considerably low value when the pressure was released to zero. The recovering of the 
foreshortening before and after the deflation process was the highest amongst those 
five designs. Design 3 experienced the second highest percentage of foreshortening 
despite it had the lowest percentage of shrinkage. The statistics show that the width 
of the struts has a direct impact on the foreshortening of the stent. Foreshortening 
increases when struts width increases and vice versa. The statistics also show that the 
length of the struts does not have too much impact on the foreshortening. Increasing 
the number of slots will increase the foreshortening as well.
Design
Foreshortening 
at maximum 
pressure (mm)
Foreshortening 
after elastic 
recoil (mm)
Discrepancy
(mm)
Percentage of 
foreshortening 
(%)
Design 1 - 8.992 -2.231 -6.761 5.14
Design 2 -8.876 - 1.625 -7.251 3.74
Design 3 - 8.890 -3.018 -5.872 6.95
Design 4 - 11.494 - 2.457 - 9.037 5.16
Design 5 - 10.187 -4.165 - 6 . 0 2 2 9.60
Table 5.9: Percentage foreshortening from the original length of the slotted tubes
5.9 S im u la tio n  o f  B a llo o n , S te n t, P la q u e  a n d  A r te ry
The main objective of this section is to investigate the expansion characteristic of 
slotted tube stent with the present of plaque and artery. The effect of the reformation 
of the occlusion by plaque and artery on slotted tube stent after the deployment was 
investigated. The correlations between stent-plaque contact area and deployment 
pressure was also analysed. The stresses in the plaque and artery due to the 
interference of slotted stent were reported.
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5.9.1 Modelling and Loading
The ANSYS Finite Element Package was used to develop the geometry of the plaque 
and artery. A three-dimension finite element model of a stenosed artery was created 
and a simulation of a stent implantation procedure was performed. The arterial wall 
and the plaque were modelled in such a way that the plaque surface was not in 
contact with the slotted tube stent at the beginning of the dilatation process. The 
geometry of the plaque was modelled to become thicker at the centre of the plaque 
volume. The inner diameters of the plaque were modelled to be 47 mm at proximal 
(situated nearest to point of origin) and 35.4 mm at distal (situated farthest from point 
of origin). The plaque was assumed to be flat for a length of 46 mm from proximal. 
The thickness of the plaque was assumed to be identical throughout the distance from 
proximal i.e. 0.8mm. On the contrary, the thickness of the plaque at the distal was 5.8 
mm.
The total length of the plaque and arterial wall were identical. They were 65 mm in 
length. The inner surface of the artery was attached to the outer surface of the plaque. 
The inner and outer surface of the arterial wall was taken as 23.5 mm and 25.1 mm 
respectively from the central axis. The thickness of the arterial wall was therefore 1.6 
mm distal and proximal to the stenosis and extrapolated across the stenosis. The 
arterial wall was assumed to be uniformly thick. The geometry of the slotted tube 
stent and the balloon was taken from section 5.3 with the balloon length equal to 57 
mm and thickness 1.2 mm. The distance between the plaque surface at proximal and 
slotted tube surface was 5 mm.
Figure 5.117 shows the entire assembly of the finite element model for the balloon 
catheter, slotted tube stent, plaque and arterial wall. The balloon consists of 3648 
elements. It was discretised by 38 elements along its length and 32 elements in 
circumference with 3 elements cross the thickness. The slotted tube stent consists of 
1104 elements. The slotted tube was discretised by 31 elements along its modelled 
length and 32 elements in circumference with 2 elements across the thickness. The 
plaque consists of 1095 elements and the artery consists of 1050 elements. Both of 
them were discretised along its length by 20 elements for 46 mm from distal and 15
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elements for 19 mm to proximal. The finer mesh was used at the proximal to 
accurately capture the stresses generated. The plaque was discretised only 1 element 
across the thickness at distal but 7 elements at the proximal. There were 15 elements 
division in the circumference direction for both the plaque and the arterial wall. The 
thickness of the arterial wall was discretised by 2 elements. A total of 6897 elements 
describe the entire model.
ANSYS
Balloon catheter
Plaque
Artery
Stent
Figure 5.117: Finite element model of the entire assembly
Displacement limitations were placed upon some nodes. The nodes at the edges of 
symmetry were restrained in the appropriate directions. Nodes that parallel to x axis 
were not allowed to move in y direction, whereas nodes that parallel to y axis were 
not allowed to move in x direction. All the nodes at the proximal were constrained in 
z direction so that only the radial expansion was allowed. At the other end, all the 
nodes at the distal except slotted tube stent were tethered in all directions. Theses 
restrictions were needed in order to avoid translation or rotation of the model but 
freely allowed the expansion in radial direction.
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The material models used for the plaque and arterial wall were defined as linear 
isotropic and nearly incompressible. The material properties of the plaque and artery 
were based on the information available in the literature [105]. Table 5.10 gives the 
material property values used.
Finite Element Model
Parameter Balloon Stent Plaque Artery
Material Polyurethane Stainless Steel 304 Calcified plaque Carotid arteries
Element Type 8-node explicit solid 8-node explicit solid 8-node explicit solid 8-node explicit solid
Material Model Hyperelastic Bi-linear Isotropic Linear Isotropic Linear Isotropic
Elastic Modulus
C(10) = 0.103176E-02 
C(01) = 0.369266E-02
193 GPa 0.00219 GPa 0.00175 GPa
Poisson’s Ratio 0.495 0.27 0.499 0.499
Density 1.07e-06 kg/mmJ 7.86e-06 kg/mm3 - --
Tangent Modulus — 0.692 GPa — -
Table 5.10: Material properties used
An automatic single surface contact algorithm was introduced for the contact 
interfaces. Single surface contact is established when a surface of one body contacts 
itself or the surface of another body. This contact option allows all external surfaces 
within a model to come into contact. The definitions of contact and target surface are 
not necessarily. The outer surface of the balloon was allowed to contact with the 
inner surface of the plaque and the slotted tube stent. The outer surface of the slotted 
tube was allowed to contact with the inner surface of the plaque as well. There was 
no contact established between the outer surface of the plaque and the inner surface 
of the arterial wall as it was part of the atherosclerotic arteries.
Figure 5.118 shows the load history of the simulation process. The pressure load was 
applied on the inner surface of the balloon. The balloon expands and causes the 
slotted tube stent to expand as well. As a result, the slotted tube stent will press the 
plaque against the arterial wall. The pressure load increases gradually from 0 to 2.65 
MPa for 25 milliseconds. The load is held constant for 7 milliseconds and then 
decreased from 2.65 MPa to 0 MPa. The simulation time at the end of the process is 
42 milliseconds.
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Simulation Time (Msec)
Figure 5.118: Loading curve
5.9.2 Result and Discussion
5.9.2.1 Stress analysis within stent, plaque and arterial wall
Figure 5.119 shows the residual stress distributed within the slotted tube stent when 
the balloon is deflated. The maximum stress location does not change despite the 
present of plaque and arterial wall. The major von Mises stresses are localised in the 
comers of the slots and the minor von Mises stresses are localised in the middle of 
the body stmts. As before, the minimum stresses were found to be located at the 
bridging stmts near the end of the slotted tube stent. A small region of peak stresses 
were visualised near the middle of the slots junctions as well.
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Figure 5.119: Residual stress in the slotted tube after deflation
Figure 5.120 shows the development of von Mises stress and the three directional 
stresses at node 9102. Node 9102 that attached to the element 6382 is the 
representative of the maximum stresses occurred over total simulation time. All the 
directional stresses are in tensile mode during the dilatation process. The stress in z 
direction could be regarded as the axial stress. As can be seen from the figure that the 
axial stress dominates the initial expansion of the process. As soon as the material 
reaches it yield point, the stresses in x and y direction begin to pick up 
comprehensively. The three directional stresses soon meet up at a point when 
approaching the maximum pressure load before it settles at its own level of stress 
during the equilibrium state.
A small erratic von Mises stress is visualised during the deflation process. This might 
be due to the recovering action induced by the plaque and the arterial wall. The 
arterial wall is elastic by nature. In spite of the elastic recovery by the slotted tube 
itself, the arterial wall provides the radial force that enhances the recovery action due
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to its elastic nature. The von Mises stress dropped at the onset of the deflation 
process. The von Mises stress increased again as soon as the axial stress switched 
from tensile mode to compression mode. The von Mises stress dropped for the 
second time when the balloon was separated from the slotted tube.
ANSYS
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Figure 5.120: Development of stresses in node 9102
Figure 5.121 shows the von Mises stress distribution within the slotted tube stent at 
maximum deployment pressure. The resulting stress distribution gives an indication 
of the physical changes that occurred under the ramp loading. The most prominent 
increments in curvature after the placement of the slotted tube stent were visualised 
near the stent edges, although a slight non-significant straightening of the vessel was 
noted in the distal. These prominent edge effects were due to the much higher 
stiffness of the slotted tube with respect to the plaque and the arterial wall. The peak 
von Mises stress is still visualised at the four comers of the slots. The body stmts 
experienced a greater stress level due to the expansion of the balloon and the 
compression of the plaque and the arterial wall.
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Figure 5.121: Slotted tube stent in place at maximum load
Figure 5.122 shows the residual stress distribution within the slotted tube stent when 
the balloon is deflated. The slotted tube stent prevents the plaque and the arterial wall 
from recoil. The increment of the curvature at the stent edges was not as serious as in 
the dilatation process especially at maximum load. This is due to the elastic recoil of 
the slotted stent itself and the recovery action from the plaque and the arterial wall. 
The maximum stress levels remained localised at the four comers of the slots. The 
maximum stress was also visualised at the middle section of the slots. A near 
constant stress distribution throughout the body struts was spotted at maximum load 
as shown in Figure 5.121. However, the stresses within the slotted tube stent seem to 
be divided into sections when the balloon was completely deflated. The distribution 
of higher and lower stress could be clearly seen. The lower stress was found to be 
located at the middle of the body and the bridging stmts.
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Figure 5.122: Slotted tube stent in place when the balloon is deflated
Figure 5.123 shows the von Mises stress distribution in the stented cylindrical vessel. 
The maximum von Mises stress are observed near the symmetry edge of the plaque. 
This indicates that there is a risk of plaque rupture as a result of the greater stress. 
The regions exhibiting the greatest stress in the models were also the locations at 
which most plaque ruptures have been reported to occur [106]. The von Mises stress 
gradually increased along the distance from proximal to distal. The high stresses at 
the plaque-artery interface arise from the different material properties of the arterial 
wall and the plaque. The surface irregularities produce stress concentrations. The 
stress concentration at the symmetry edge of the calcified plaque was due to the 
difference in stiffness between the plaque surface and the slotted tube stent. Apart 
from that, the prominent curvature of the calcified plaque geometry at the symmetry 
edge also contributes to the stress concentration.
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Figure 5.123: The stress distribution of the plaque and artery
Figure 5.124 shows the distribution of von Mises stress from inner surface of the 
plaque to the outer surface of the arterial wall at the symmetry edge. Two locations 
were picked to investigate the development of the von Mises stress experienced 
across the thickness of the plaque and the arterial wall at the symmetry edge. The 
node on the inner surface of the plaque at distal where the contact occurred with the 
stent strut was one of these locations. The other one was located at the area where 
there was no contact between the stent strut and the inner plaque surface. This 
location was at middle of the stent slot. The graph shows that the area where the 
plaque has a contact with stent struts, experiences a higher level of stress. However, 
the von Mises stress across the plaque and the arterial wall develops identically and 
simultaneously. The stress drops when the distance from the inner surface of the 
plaque increases. The stress continues to drop at the boundary (5.8 mm), where the 
plaque and arterial wall are bonded together in the model.
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Figure 5.124: The von Mises stress across the thickness of the plaque and artery
The total distance from inner surface of the plaque to the outer surface of the arterial 
wall is 7.4 mm. The von Mises stress at the contacted area (strut) at the inner surface 
of the plaque is 0.883 MPa. In the other hand, the von Mises stress at the non­
contacted area (slot) is 0.838 MPa. The presence of the stent struts increased the 
level of the stress by 5.4 % in the plaque and the arterial wall. The variation of the 
stress in the plaque and the arterial wall became smaller as the distance from the 
inner surface of the plaque increased. At the outer surface of the arterial wall, the 
percentage of different between them is only 5.1 %.
5.9.2.2 Expansion characteristic
Likewise, the slotted tube stent begins an expansion at its both ends. The stent struts 
then slowly open up as the pressure load continues to supply. It was at time 18 
milliseconds that the slotted tube stent began to come into contact with the inner 
surface of the plaque. The pressure level at that time was 1.8 MPa. The geometry of 
the calcified plaque was created in such a way that it was thicker at the central 
section. It is due to this reason that the central section of the slotted tube stent was 
first making the contact with the plaque in this particular case. The edges of the 
slotted tube stent came into contact with the plaque at approximate time of 19.1 
milliseconds. The slotted tube pressed the calcified plaque against the arterial wall as
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the pressure load increased. The plaque was squeezing in between the arterial wall 
and the stent. Apart from the crack that will initiate within the plaque, the calcified 
plaque was so stiff that resulted in the expansion of the arterial wall as well.
Figure 5.125 shows the expansion of the slotted tube diameters with and without the 
presence of plaque and artery. The slotted tube stent needs a higher pressure load to 
achieve the same level of expansion with the presence of plaque and artery. The 
maximum deployment pressure for the cases with and without the plaque and artery 
were 2.6 MPa and 2.65 MPa respectively. The diameter achieved with the presence 
of plaque and artery was lower despite the pressure load applied was higher. At the 
pressure level of 2.6 MPa, the diameter achieved for both cases were 70.76 mm and 
63.28 mm respectively. The plaque was thinning by 17.3 % from its original 
thickness (symmetry edge) in this model at the end of the process. The diameter 
obtained was 63.64 mm at maximum pressure load for the slotted tube without the 
presence of plaque and artery.
Deployment Pressure (MPa)
Without Plaque & Artery — Wi th Plaque & Artery
Figure 5.125: Expansion of slotted tube diameters with deployment pressure
Figure 5.126 shows the elastic recoil of the slotted tubes for the cases of with and 
without the presence of plaque and artery. The elastic nature of the arterial wall 
enhances the magnitude of the elastic recovery of the slotted tube stent. The diameter 
of the slotted tubes reduced to 59.1 mm and 50.58 mm respectively at the end of the
212
Chapter 4: Simulation and Analysis
deflation process. The original inner diameter of the plaque that was 35.4 mm at the 
symmetry edge widened to 51.78 mm at the end of the deflation process. The slotted 
tube stent was shrunk by 20.5 % from the maximum diameter achieved during the 
maximum pressure load. Comparing to the stent without the presence of plaque and 
artery, which was 16.5 % shrinkage, the former figure strongly suggests that extra 
precaution needs to be taken as the alteration in the ultimate diameter obtained might 
present problems after the stent deployment. These problems often refer to as stent 
restenosis (re-narrowing). The stiffness of the slotted tube stent after deployment is 
required to act as a permanent scaffold to prevent the vessel from the tissue 
prolapsed. The flexibility of stent before deployment and the stiffness in radial 
direction of stent after deployment once again prove to be a major consideration 
during the stent designs.
Deployment Pressure (MPa)
—♦—Without Plaque & Artery — Wi th Plaque & Artery
Figure 5.126: Elastic recoil of the slotted tubes
Figure 5.127 illustrates the magnitude of foreshortening in the slotted tube with the 
presence of plaque and artery with simulation time. The magnitude of foreshortening 
in the slotted tube stent relates to the magnitude of the expansion in radial direction. 
The foreshortening is directly proportional to the diameter expanded. The result 
shows in the case of slotted tube stent the increment in the radial expansion will 
result in the increment of the foreshortening. The amount of foreshortening was
0.6418 mm at the end of the deflation process.
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Figure 5.127: Foreshortening of the slotted tube with simulation time
Chapter 5: Experimental Work
Chapter 6 
E x p e r i m e n t a l  W o r k
6.1 In tro d u c t io n
This chapter outlines the process undertaken in order to carry out the experiment on 
slotted tube stents, in order to aid in the validation of finite element results.
6.2 E x p e r im e n ta l  E q u ip m e n t
The test rig consists of two shelves secured on a movable platform. Figure 6 .1 shows 
the upper shelf section with the specimen in place. Figure 6.2 shows the entire 
platform of the test rig.
• The Lower shelf contains
o A unit of manual (hand) pump 4.5 cc per stroke, containing two 
cylinders, enclosed in a protective casing 
o One cylinder acted as an oil reservoir feeding the second cylinder 
o The second cylinder provides stability in pressure 
o A leaver that attaches to the hydraulics pump
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• The Upper shelf contains
o A Polycarbon safety cover 
o Quick release clamps on Polycarbon cover 
o A pressure gauge (0 -  60 Bar) 
o A pressure release valve (shut off valve)
o A test bed mounting frame which supports inflow and outflow nozzles 
o A spillage tray to collect any spillage during or after the experimental 
test
• Other supplementary materials
o Piping connecting the pumping unit to the inflow and outflow nozzles 
and the spillage tray 
o Two tapered collars (washer) to prevent the ends of balloon from 
deviation during the expansion process 
o Two jubilee clips for securing the balloon tube to the inflow and 
outflow nozzles 
o Ratchet for tightening up the jubilee clips
Figure 6.1: Upper shelf section with specimens in place
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Figure 6.2: Entire assembly of the apparatus
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6.3 M a te r ia l  U sed
The slotted tube stents are made of Stainless steel 304. They were manufacturing by 
3D laser cutting. The inner and outer diameters of the stent read as 23 mm and 25.4 
mm with 8 6 . 8  mm in length. The details dimension of the stents is described in 
section 5.8. Figure 6.3 to Figure 6.7 illustrate the different geometry of stents.
• The specimens consist of
o Expansion medium i.e. balloon tube (Polyethylene and PVC)
o Slotted tube stents with different geometries as described in section 
4.9
Figure 6.3: Design 1 (width of slot = width of strut)
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Figure 6.4: Design 2 (20 % increase in width of the slot)
Figure 6.5: Design 3 (20 % decrease in width of the slot)
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Figure 6 .6 : Design 4(10%  increase in length of the slot)
Figure 6.7: Design 5 (50 % increase in the number of slot)
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6.4 E x p e r im e n ta l  P ro c e d u re s
Figure 6 .8 : Slotted tube in place
Figure 6 . 8  shows the slotted tube is in the position for expansion process. The steps 
involved in carrying out the experiment are as follows:
1. Attach a balloon tube to the outflow nozzle and add a jubilee clip for securing 
the balloon tube to the nozzle.
2. Add a collar follow by a stent then another collar in that order.
3. Attach a second jubilee clip to the inflow nozzle.
4. Attach the unconnected end of the balloon tube to the inflow nozzle and 
secure under the jubilee clip.
5. Secure all clips tightly with the ratchet.
6 . Take initial reading of the stent at its centre and each end.
7. Cover the test bed mounting frame with the protective casing.
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8 . Attach the leaver to the pump.
9. Apply gradual pressure by pumping slowly with the leaver.
10. Measure the ends and central diameter of the stent at every 5 bars increment 
of pressure load.
11. Monitor the reading on the pressure gauge until certain level of pressure is 
reached depending on the geometry of the stents.
12. Release the pressure by opening the shut off valve so that the oil returns to 
the reservoir.
13. Repeat from step one for the next specimen.
6.5 R e su lt  a n d  D iscussion
Figure 6.9: The expansion of the slotted tube by polyethylene rubber
Figure 6.9 shows the expansion of the slotted tube at pressure load of approximately
1 MPa. The central and the end diameter of the slotted tube at that point of time were 
25.78 mm and 30.90 mm respectively. Further expansion was not allowed as the
222
Chapter 5: Experimental Work
balloon burst at the right hand side before it reached the targeted pressure load. The 
excessive bulging at right hand side of the balloon contributed to the rupture of the 
balloon. The tapered collars dislocated from its position during the expansion 
process. The cause of dislocation was due to the expanding balloon forcing the 
tapered collar bending towards one end. The dislocations of the tapered collars 
exaggerated the non-uniformity of the expanding balloon as the pressure load 
increased.
Figure 6.10: The expanding balloon near the point of rupture
Figure 6.10 shows the expansion of the slotted tube with the balloon in the vicinity of 
rupture point. As can be seen from the figure that the balloon formed into a dumbbell 
kind of shape on the right hand side. It only managed to deform at one end of the 
slotted tube. The balloon seemed to be too soft as an expansion medium for the 
slotted tube expansion.
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After several more tests, it was felt that an experiment is needed to carry out on the 
balloon alone was necessary in order to understand the expansion behaviour of the 
balloon itself. The balloon was easily expanded but in a non-uniform way as 
expected. One end of the balloon slacked and burst as the pressure increased. A few 
more experiments were then carried out on new specimens with lower strength. The 
outcomes of the tests were found to be the same. Most of the specimens were found 
to only expand to a certain degree and at one end of the slotted tube as shown in 
Figure 6.11. The non-uniformity of expansion of the balloon is responsible for the 
failure for the further expansion of the slotted tube.
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Figure 6.12: The expansion of the slotted tube by PVC
Figure 6.12 shows the expansion of the slotted tube at pressure load of approximately
2 MPa. The central and end diameter of the slotted tube at that point in time was 28.9 
mm and 28.38 mm. As noticed, this type of balloon enables the slotted tube to 
expand more uniformly and the expansion was not only occurred at one end of the 
slotted tube (Figure 6.13). However, it was also noticed that the pressure dropped 
during the expansion of the slotted tube. The pressure dropped was due to the 
expansion of the slotted tube. The expansion of the slotted tube resulted in the 
decrease in pressure as it is controlled by the volume of the fluid in the pipes. The 
expansion in radial direction increases when the pressure increases. Nevertheless, as 
the supply of pressure stopped and reached the targeted 2 MPa, the expansion 
continued slowly. This was due to the tensile force exerted by the fluid and also 
some structures o f the slotted tube had experienced some deformation that made 
further expansion easier. So, the volume increased as the deformation continued 
without the supply of the fluid. As a result, the pressure dropped from the initial 20 
MPa to 1.7 MPa.
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Figure 6.13: Closer view of the slotted tube during the expansion process
Figure 6.14 shows the expansion of the slotted tube as the pressure increased to 2.5 
MPa. It was noticed that the expansion on the right hand side of the slotted tube 
became less prominent compared to the central part. The central and the end 
diameter of the slotted tube at this point of time were 30.46 mm and 29.62 mm 
respectively. Likewise, the pressure dropped during the expansion process even 
though it was increased to the targeted 2.5 MPa. The pressure settled at 1.6 MPa at 
the end of the expansion process. As the pressure increased, some areas of the 
balloon expanded unsteadily and a little bubble began to emerge which could be seen 
on the surface near the end of the balloon. This indicates that the balloon would burst 
at anytime if  further pressure is exerted and indeed the balloon burst before the next 
0.5 MPa increment of pressure was reached. The central and end diameter of the 
slotted tube when the balloon burst were 32.68 MPa and 34.74 mm. Figure 6.15 
shows the slotted tube before and after the expansion.
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Figure 6.14: The expansion of slotted tube at 2.5 MPa
Figure 6.15: The expansion of the slotted tube after the rupture of the balloon
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Figure 6.16 shows the results of the expanded slotted tubes by PYC balloon material. 
It seems that the ultimate deformation of the slotted tubes are subject to the balloon 
material. The results obtained using the PVC as the expansion medium seems to be 
able to manage the slotted tube expansion to a certain degree and the outcomes are 
more encouraging. However, it seems to have failed to expand uniformly as the case 
with polyethylene balloon material. The slotted tube also tends to open up only at 
one end of the tube. This may be due to the material itself being too stiff and the 
inconsistency of the slots width during the machining process.
Figure 6.16: Slotted tubes after the expansion process by PVC balloon material
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Chapter 7
C o n c l u s i o n s
7.1 E x p a n s io n  o f  S lo tted  T u b e  S te n t w ith o u t B a llo o n
• Smaller pressure and lower pressure rate will probably generate greater 
potential diameter but it also can introduce buckling of the stent, which is not 
desirable on stent deployment.
• Higher pressure rates will result in higher stresses in the stent for similar 
levels of deformation.
• Pressure load produces different states of stress in stent. The state of stress in 
stent is varied with the application of different load rate. The ultimate 
geometry obtained is dependent on the load rate applied.
• Higher rate of pressure generates higher stress but lower radial displacement.
• Higher pressure rate improves the geometry of the stent.
• The contraction of the stent is high in proportion to the expanded diameter 
when lower pressure rate comes into account.
• The understanding of the expansion characteristics serves as a fundamental 
knowledge towards later investigations.
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7.2 E x p a n s io n  o f  S lo tted  T u b e  S te n t w ith  B alloon
• A better understanding of the dilatation behaviour of stent is gained. To 
conduct an experiment in vivo is extremely expensive. With the help of finite 
element analysis, it is possible to look into the details of a particular design or 
technology.
• A great understanding of the software is essential to correctly approach the 
problem and simulate the particular problem as closely as possible.
• It is possible to establish a relationship for the initially unknown pressure 
with a dynamic analysis program like LS-DYNA.
• A detailed analysis of the stent leads to a good understanding of the flaws and 
consequently failure or success of the design. This analysis also provides the 
information for further investigation.
7.3 A n a ly s is  o f  D ep lo y m en t P re s s u re  on  S lo tted  T u b e  S ten t 
E x p a n s io n
• The diameter of slotted tube stent increases significantly when a certain level 
of pressure is reached depending on the design structure of the stent.
• Different nodes in different locations of the geometry produce different stress 
history.
• Four stages of response during the inflation and deflation process are initial 
ramp loading, steady state response, release of pressure, and separation of 
balloon.
• Higher deployment pressure produces greater expansion in the radial 
direction but it is achieved at the expense of foreshortening of the stent.
• Higher deployment pressure might increase the expansion in the radial 
direction but it does not necessarily increase the uniformity of the slotted tube 
stent.
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7.4 A n aly sis  o f  B a llo o n  L e n g th  o n  S lo tte d  T u b e  S te n t E x p a n s io n
• Moderate balloon length is a necessity in order to produce a uniform slotted 
tube stent after expansion.
• Longer balloon length requires lower pressure load to achieve a similar level 
of expansion in the radial direction during the dilatation process.
• The length of balloon has an impact on the elastic recoil of a slotted tube 
stent. Longer balloon length will generally encourage elastic recovery and 
hence reduce the diameter of the tube.
• Excessive length of balloon results in over-expansion of slotted tube stent.
• Longer length of balloon also contributes to greater foreshortening.
7.5 A n a ly s is  o f  F r ic t io n  on  S lo tted  T u b e  S te n t E x p a n s io n
• Increasing friction between the balloon and the slotted tube stent results in a 
lower level of expansion and less stress in the deformed component.
• Higher pressure is needed to achieve the same level of expansion with 
friction included. This is due to the fact that the stress generated in the slotted 
tube during the expansion is not as high as in the friction free case.
• Elastic recoil decreases with increasing friction value.
• The use of the friction value reduces the foreshortening of a stent.
7 .6  A n aly sis  o f  S ca lin g  th e  S lo tted  T u b e  S te n t Size
• Finite element simulations are able to predict reliable results for the same 
geometry but different sizes of slotted tube stents.
• As a result, experimental tests could be carried out to validate the results for 
the bigger slotted tube size (which is cheaper to manufacture) and compare 
with a real stent.
• Higher scaling factor results in higher stent diameter and the diameter
achieved at each level of pressure closely follows the ratio of the size of the
slotted tube.
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7.7 A n aly sis  o f  S lo tted  T u b e  S te n t P ro d u c tio n  D efect
• The results from the analyses suggest that the slotted tube stent is not very 
sensitive to imperfections.
• Stress concentrations are found to be located at the areas where the flaws 
exist.
• The statistics show that the discrepancy of stresses between the flaw and 
flawless slotted tube is insignificant despite the stress concentration in the 
imperfect slotted tube.
• The imperfect slotted tube stent experiences higher levels of expansion for 
the same level of deployment pressure but the magnitude of discrepancy is 
insignificant. This indicates that the response of the body struts to the 
ultimate deformation of the tube geometry, as a whole, is not strongly 
connected.
7.8 A n aly sis  o f  B a llo o n  T h ic k n e ss  o n  S lo tted  T u b e  S te n t 
E x p a n s io n
• The analyses show that balloon thickness affects the uniformity of slotted 
tube stent enormously if  the same elasticity and length of the balloon is 
assumed.
• Balloon thickness has little effect on the distribution of stress in the slotted 
tube despite the fact that higher pressure is applied and a thicker balloon is 
utilised.
• Increasing the pressure proportional to the thickness of balloon results in 
nearly the same level o f radial displacement. However, the magnitude of 
increment in pressure load is lower than the magnitude of increment in 
balloon thickness.
• The magnitude of elastic recoil and foreshortening decreases with increasing 
balloon thickness.
• A thicker and stiffer balloon material allows the slotted tube to mould itself 
around the balloon rather than letting the balloon mould around the slotted 
tube.
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7.9 A n aly sis  o f  S lo tte d  T u b e  S te n t G e o m e try
• Altering the stent strut configuration and number has practical effects on the 
clinical use of vascular stents, as the magnitude of expansion will change.
• If a stent consists of same number of struts and slots, increasing the length of
the slots may be better than increasing the width of the slots as a higher
expansion rate would be achieved.
• Increasing the length of struts does not have a major effect on the stress 
distribution in slotted tube stent.
• Increasing the number of slots make more material available for expansion of 
slotted tube stent and effectively increases the expansion rate.
• Increasing the strut number and regularity of strut distribution provides a 
more circular shape of stent and therefore more circular vascular lumen after 
deployment of stent. This may have a significant impact on biological effects 
after implantation.
• The analyses attest to the importance of stent geometry as a whole and may
serve as guidelines for future stent design and the choice between stents of
differing designs.
• Increasing the length of struts might have a major impact on elastic recoil but 
it has a minor impact on the foreshortening.
• Foreshortening increases with increased strut width.
7.10 S im u la tio n  o f  B allo o n , S ten t, P la q u e  a n d  A r te ry
• The simulation successfully demonstrated the function and the application of 
slotted tube stent in which the artery is successfully opened and the stent 
remained in the artery as a scaffold.
• The results of the present study demonstrate that stents are able to withstand 
the remodelling of artery and plaque that otherwise may have contributed to 
restenosis.
• Finite element analyses demonstrated that maximum surface contact stress 
grew higher at a point where the plaque surface and struts surface come into 
contact, reflecting greater degrees of plaque extrusion between struts.
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• Although the geometry of the plaque and artery are not an ideal realistic
model of a human stenosed artery, it demonstrates the possible regions of
higher stresses that would be induced within the vessel. This data, therefore, 
provides new insights regarding the utility of stents in the treatment of
atherosclerotic lesions.
7.11 E x p e r im e n ta l  W o rk
• it was learnt that the slotted tube stent begins its expansion at both ends of the 
tube. Despite this, the data was inconclusive in showing uniform expansion 
due to the failure to maximise its expansion ability.
• If the expansion medium is too soft the slotted tube expansion tends to
develop more at the ends of the stent.
• It gives a good indication that the models developed could be expanded to a 
proper shape if the right expansion medium is used.
• Although the slotted tube stents failed to expand properly the feel of “how” 
and “where” the expansion occurs is gained which will help in future studies.
7 .12 T h esis  C o n tr ib u tio n
Stent implantation is a non-surgical method that is becoming increasingly important 
and widely used to treat coronary artery disease as it holds several advantages over 
other methods. The understanding of the mechanism in terms of the mechanical 
point-of-view to date has been very limited and important aspects such as stent 
expansion characteristic, stress and strain conditions in the deformed shape, strut- 
related injuries, and effects of altering various parameters under various conditions 
have been largely unknown. As a result failures in the stent deployment process have 
been common and mostly discussed only in the medical and biological aspect. This 
has indeed raised a major concern in cardiology and stent technology. The 
simulations of this work will contribute significant knowledge in this area for future 
comparative studies of mechanical performance of stents. This includes the design of 
new stents and also mechanical performance in clinical practice. In eliminating
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failures, the aid of the detailed simulation analyses may help the application of stent 
technology to step into a new era. In particular, the simulations in this work have 
provided:
• A methodology in which expansion characteristics, deployment pressure, 
radial expansion, elastic recoil, foreshortening etc. can be predicted and 
estimated.
• A wide range of different geometry models and variable designs in which the 
detrimental and beneficial effects on slotted tube stent expansion were 
identified.
• The state of stress, magnitude of expansion, elastic recoil and foreshortening 
in the deformed slotted tube stent during the dilatation and deflation process.
• An insight regarding the utility of stents in the treatment of atherosclerotic 
arteries.
• An insight regarding the sensitivity of the slotted tube stent.
• The possibility of scaling the stent to a preference size and still maintaining 
the accuracy of result.
• The stent models can be used with modelling methodology as a probe to 
investigate the issues concerning the mechanical action of the artery walls on 
the stent in future.
• The understanding of the mechanism of interaction between balloon catheter, 
stent, plaque and arterial wall. This may help to limit the failure of stent 
implantation and shed lights on the issue of stent restenosis that has not been 
solved.
7.13 R e c o m m e n d a tio n s  fo r  F u r th e r  W o rk
• Vascular injury during stent placement provokes thrombosis and restenosis. 
Two major mechanisms of damage are stent strut-related injury and balloon- 
artery interactions. Broad variations in stent design and techniques of 
deployment attest to a lack of data for precisely studying stent-related artery 
injuries.
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• The human artery consists of several layers such as intimal layers, medial 
layers and adventitial layer. The intima is the innermost layer and the 
adventitia is the outermost layer. The media is somewhere in between the two 
layers. Each layer of the arterial wall consists of different mechanical 
properties. Therefore, further investigation should be carried out with the 
three layers of arterial wall included.
• Different type of plaque caps contains different material properties. Three 
different types of plaque caps that range from softest to toughest are cellular 
plaque cap, fibrous plaque cap and calcified plaque cap. The same approach 
can be used to simulate different plaque caps.
• Stainless steel was used as the tube material in all simulations in this work. It 
is possible to rerun the models used to examine the results of using different 
tube materials.
• CFD analysis can be undertaken to study the arterial response to pulsating 
flow that may have influence on the movement of the stent away from its 
intended location after it has been inflated.
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